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4ABSTRACT
THE ANATOMY OE THE SPINAL CORD OP THE MINNOW, 
PHOXINUS PHOXINUS L., WITH PARTICULAR REPERENCE 
TO THE NERVE FIBRES CONTROLLING COLOUR CHANGE.
According to von Frisch. (1911) a melanophore- 
aggregating centre exists in the medulla of the minnow, 
Phoxinus phoxinus L. Prom the medulla spinal pigmento- 
motor fibres pass caudally and have a spinal outflow 
localised around vertebra 15. Pigmento-motor fibres are 
then distributed to the cutaneous melanophores via the 
sympathetic chain, spinal and trigeminal nerves.
The investigation described in this thesis is 
concerned with the location of the spinal pigmento-motor 
fibres.
Mallory’s trichrome, Mallory’s eosin and methylene 
blue and Weigert Pal preparations were used to investigate 
the anatomy of the spinal cord of the minnow. Comparisons 
are made with the spinal cord of some other teleosts and 
literature concerning the functions of teleost spinal 
tracts is reviewed.
Microdissection instruments were used to place 
lesions at vertebrae 5, 4 and 10 and around the spinal 
outflow. A study of the effects of such lesions upon the 
responses to black and white background reversal was 
coupled with a histological examination of the lesions.
Such studies indicate a spinal location of the pigmento- 
motor fibres in the area of the dorsal horns and corpus 
commune posterius at vertebrae 3, 4 and 10. Complete 
spinal lesions indicate that the pigmento-motor outflow 
levels occur between vertebrae 12 and 14, somewhat 
cephalic to those in von Frisch's mid-European specimens.
Cutting some of the spinal pigmento-motor fibres 
results in differential behaviour of the melanophores, 
producing a bilateral, dorsolateral cutaneous mottled 
pattern in response to background reversal. It would 
appear that the fibres of any specific region of the 
spinal pigmento-motor tract are associated with 
melanophore innervating fibres having a wide cutaneous 
distribution. The melanophore innervating fibres of any 
specific segment also appear to be associated with spinal 
outflow nerves of more than one of the spinal levels 12 
to 14. It is suggested that postganglionic pigmento-motor 
fibres retain their integrity rather than form a 
continuous diffuse cutaneous nerve net.
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SECTION 1
TELEOST COLOUR CHANGES, WITH PARTICULAR REFERENCE 
TO THEIR NEURAL CO-ORDINATION.
Research in the field of vertebrate colour changes 
has been reviewed by Hogben (1924), Parker (1930, 1948), 
Sand (1933), Waring (1942, 1965) and Fingerman (1963).
The colour changes of fishes were known to the 
Romans. Pliny recorded the observation that a dying 
mullet changes colour.
Stark (1830) recorded colour responses to background 
changes in several British fishes. These included the 
minnow, Phoxinus phoxinus L., which was known to him as 
Leuciscus phoxinus.
Teleost chromâtophores were figured by Vogt (1842), 
von Siebold (1863) and Buchholz (1863)# Since the 
observations of these workers the colour responses and 
the chromâtophores of poïkilothermie vertebrates have 
attracted considerable interest. This has concentrated on 
the structure and functioning of chromâtophores as 
effectors and upon the mechanisms which are responsible 
for the co-ordination of the responses of these effectors.
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l.a. Melanophores as effectors
Chromâtophores are pigment-bearing bodies which 
are responsible for many of the colouration patterns of 
vertebrates and invertebrates. A range of differently 
coloured chromâtophores has been described. Thus there 
are melanophores, xanthophores, erythrophores and 
iridophores. Hewer (1926) observed that all of these 
types of chromâtophore can be identified in the minnow. 
The melanophores are the most important in the changes 
of tint from light to dark or vice versa. Melanin is a 
brown or black pigment which can be extracted from 
melanophores with boiling alkali.
Melanophores possess a number of processes radiating 
from the cell centre. Ballowitz (1931) described these 
processes as "Broad and spatula-like in Gobius. Parker, 
(1948), described the melanophore processes as branching 
in Gadus, Pundulus and Ameiurus. In this latter type the 
pigment granules do not move in well-defined lines as 
they do in the melanophores described by Ballowitz. 
Perhaps these two categories of teleost melanophore 
would provide an interesting comparative study under the 
electron microscope.
Teleost melanophores are found in both the 
epidermal and dermal layers of the skin. Gordon (1927) 
recognised two forms of melanophore: large dermal 
macromelanophores and small epidermal micromelanophores. 
Matsushita (1938) considered that the small 
melanophores of Parasilurus asotus respond more rapidly
14
to background changes. However, this worker also claimed 
that changes in tint depend almost entirely on the 
action of the large melanophores. Healey (1951) 
recognised both forms of melanophore in the skin of the 
minnow and he considered both types to be epidermal and 
dermal in location. No specific investigation into the 
physiological differences of the two types of melanophore 
has yet been conducted, although Healey (1951) has 
observed differences in the hormonal responses of 
melanophores located in different areas of the cutaneous 
pattern of the minnow.
The cutaneous pattern of the minnow is best seen in 
a paling or a darkening fish. This pattern appears as a 
dark, thin, mid-dorsal line, a broad dark uneven stripe 
along each lateral surface and a number of dark blotches 
on the dorsolateral surfaces. Healey (1951) considered 
that this pattern represents the distribution of the 
macromelanophores. This interpretation appears to be more 
accurate than that of Hewer (1926) who considered the 
pattern to be the result of a numerical differentiation 
in the distribution of the melanophores, and their 
differential expansion.
The structure of melanophores and the mechanism of 
their activity has naturally attracted considerable 
interest. The terms ’concentrated* and ’dispersed’ have 
replaced the terms ’contracted’ and ’expanded’ in 
descriptions of the state of the melanophores in light 
and dark fish. These terms are favoured since the activity 
of these cells appears to consist of an intracellular
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migration of their pigment granules, rather than an 
amoeboid expansion of the cellular processes.
Mathews (1931) used a tissue culture technique to 
study the activity of the melanophores of ffundulus. He 
identified a fixed cell boundary unaffected by the 
migration of the pigment granules within it. Kinosita, 
(1953)9 inserted recording micro-electrodes into 
melanophores of an isolated scale of Qryzias latipes. He 
suggested that the melanin granules are negatively 
charged and that their migration is a response to an 
intracellular radial electrophoretic gradient. He 
observed that isotonic potassium chloride stimulates 
pigment aggregation whilst pigraent dispersion occurs in 
response to atropine sulphate or physiological saline.
Falk and Rhodin (1957) described electron microscope 
studies on melanophores of Lebistes reticulatus. An inner 
cytoplasmic membrane surrounds the melanin granules. A 
fibrillar zone lies between this inner membrane and the 
outer cell membrane. It is suggested that changes in the 
width of this fibrillar zone accompany pigment migration. 
These workers have not identified a pattern of 
innervation at this magnification.
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l.b. The co-ordination of melanophore responses
Babàk (1910), Laurens (1914), Hogben and Glome (1931) 
used the terms ’primary responses* and ’secondary 
responses’ to light stimuli to distinguish between two 
categories of response of amphibian melanophores. These 
terms have also been used more widely by Parker (1948), 
Prosser and Broivn (1962) and Fingerman (1963) in 
describing the responses of lower-vertebrate melanophores 
to light stimuli.
Primary responses are independent of the eyes. Von 
Frisch (1912) observed a localised darkening in the wrasse, 
Crenilabrus sp.^ in response to local illumination of the 
skin. However, Schaefer (1921) could not elicit such a 
response in the plaice, Pleuronectes sp. Intact and 
blinded minnows (von Frisch, 1911) and hypophyseeternised 
spinal minnows (Healey 1940, *48) are paler at night and 
darken immediately on illumination. Minnows from Vienna 
show a more striking reaction to illumination than minnows 
from Munich although Munich spinal minnows do show a clear 
reaction, (Healey 1940, *48). Von Frisch (1911) considered 
that the reaction of blinded minnows to illumination 
depends upon the stimulation of a centre situated dorsally 
on the brain. Healey (1940, *48) considered that the 
darkening of a spinal minnow from Vienna was due to direct 
photo-stimulation of melanophores. He observed that such 
darkening cannot be called forth over the whole body 
surface through illumination of any single region.
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Secondary responses are dependent upon visual 
stimulation. The resulting movements of melanophore 
pigments are under the mediation of both humoral and 
neural control.
l.b.i. The humoral control of teleost melanophores
Reference should be made to the reviews listed on 
p.12 for a detailed discussion of the humoral control of 
teleost melanophores. As the topic of this investigation 
is concerned primarily with the neural control of these 
effectors, it will suffice to consider only those 
aspects of humoral control which are directly relevant 
to the present work.
Fingerman in his review (1963) listed the pituitary, 
pineal, adrenal, thyroid and skin chromâtophorotrophic 
secretions as playing a part in controlling vertebrate 
colour changes. Hogben (1924) stated that humoral control 
is associated with slow responses of the melanophores, in 
contrast to the more rapidlnervously mediated responses. 
Waring (1942) stated that amphibia and elasmobranchs show 
slow hormonally controlled responses but in teleosts 
nervous control is superimposed on humoral control.
Von Frisch (1911) and Smith(X93Xa) observed that in 
minnow denervated areas of the skin can pale slowly.
Smith suggested that this melanophore aggregation was due 
to the presence of a hormone in the blood, perhaps
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adrenaline. 'When minnows are subjected to a background 
reversal the melanophores respond rapidly under nervous 
control. They then continue to change their colour at a 
slower rate under hormonal control (Healey, 1951). A 
similar response was observed in Gasterosteus aculeatus 
by Hogben and Landgrebe (1940).
Healey (1940, 1948, 1951) observed that spinal 
minnows under constant illumination respond slowly to 
background reversals. The time curves for these colour 
responses are similar to those obtained for the humoral 
responses of amphibia by Hogben and 81ome (1951)# The 
slow colour responses of spinal minnows are eliminated by 
hypophysectomy (Healey, 1940, 1948). Healey (1940) also 
recorded that implants and injections of crude extracts 
of the pituitary gland result in paling. A melanophore- 
aggregating hormone is secreted by the pituitary gland of 
the minnow (Hewer, 1926; Healey, 1940, 1948).
Healey (1951) also suggested the possibility that a 
melanophore-dispersing hormone is secreted by the pituitary 
gland of the minnow. This followed the observation that 
spinal minnows appear to take a longer time to equilibrate 
from darkness to either a white or black illuminated 
background than they do on transfer from an illuminated 
white background to an illuminated black background or 
vice versa. Healey used an argumentt of Hogben and Slome, 
(1931) that an equilibration time from darkness to 
illuminated white or black backgrounds, less than that for 
transfer from illuminated white to black or vice versa, 
would indicate the secretion of a single aggregating 
hormone. However, to date, no-one has succeeded in
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extracting or identifying a darkening hormone in the 
minnow. The argument of Hogben and Slome (1931) for a 
bihumoral control of colour changes in vertebrates 
generally has been questioned by Kent (1959).
Before completing this brief review of hormonal 
co-ordination, it should be mentioned that it has been 
thought that the excitement pallor of the minnow, observed 
by von Frisch (1911) and Sm.ith (1931a) may possibly be 
hormonal (Smith 1931a); and caused by an inrush of 
adrenalin into the blood (Parker, 1948). Redfield (1918) 
considered that adrenal secretion may determine excitement 
pallor in reptiles (Phrynosoma cornuturn) although he 
thought that nerve impulses also participate in such 
pallor. The neurohumoral role of adrenalin is considered 
on pp.31-34.
l.b.ii. The neural control of teleost melanophores
Our knowledge of the neural control of vertebrate 
melanophores, including those of teleosts, has been 
acquired by means of three categories of experiments.
These involve observing the effects of cutting specific 
regions of the nervous system, or of stimulating them 
electrically, and supplementing by pharmacological 
experiments.
Briicke (1852) laid the foundations for the belief 
that melanophores are innervated. He observed dispersion 
of melanophores when he cut spinal nerves of the 
chameleon.
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Pouchet (1872, '75, *76) was the first to establish 
fully the neural control of teleost melanophores. From 
his experiments, which involved cutting the nervous 
system of turbot, he concluded that the melanophore 
innervation is sympathetic. Pouchet also recorded paling 
in response to electrical stimulation of the nervous 
system. This paling did not occur in those areas of the 
skin which had been * denervated* before electrical 
stimulation.
Both Brücke and Pouchet made direct comparisons 
between nerve-melanophore preparations and nerve-muscle 
preparations. Pouchet compared melanophores with smooth 
muscle since both classes of effector possess sympathetic 
innervation.
Pouchet*s conclusions, concerning the innervation of 
melanophores, have been extended. Von Frisch (1911) 
performed similar nerve sectioning experiments on the 
minnow and trout. He sectioned the spinal cords, 
sympathetic chains and the trigeminal nerves at a series 
of levels. He also stimulated, electrically, localised 
areas of the brains of these fish. He concluded that fibres 
pass down the spinal cord from a melanophore-aggregating 
centre located in the medulla. In the minnow the pigmento- 
motor fibres have a localised spinal outflow which is 
situated around vertebra 15, although this is subject to 
cephalic and caudal variations of one or two vertebrae.
The pigmento-motor fibres run anteriorly and posteriorly 
along the sympathetic chain. Fibres innervate the 
melanophores after passing to the skin through the spinal 
and trigeminal nerves. Young (1950) has observed a
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similar localised autonomic outflow from the spinal cord, 
at vertebrae 5-4, for the pupillary constrictor fibres of 
the teleost, Uranoscopus scaber.
Wern^e (1926) painted the sympathetic ganglia of 
* cod and plaice* with nicotine solution having previously 
destroyed the spinal cords and brains. This treatment 
effectively blocks synaptic transmission within the 
painted sympathetic ganglia. In spite of this, electrical 
stimulation of the caudal sympathetic chain results in 
melanophore aggregation over the entire surface of the 
fish, with the exception of that segmental area directly 
innervated from the blocked ganglia. Wern^e concluded 
that transmission in the sympathetic chain occurs through 
'universal preganglionic neurones', collaterals of which 
synapse within the sympathetic ganglia with the post­
ganglionic pigmento-motor fibres.
mrnf6e also performed unilateral sympathectomy 
experiments on 'cod and plaice' after destroying the brains 
and spinal cords. The ipsilateral melanophores, at the 
level of the operation only^remained dispersed when the 
caudal sympathetic chain was stimulated electrically, the 
melanophores of the rest of the surface aggregated. In a 
similar experiment the sympathetic commissures were cut 
anterior to a unilateral sympathectomy. The ipsilateral 
melanophores anterior to the sympathectomy remained 
dispersed when the caudal sympathetic chain was 
stimulated electrically, the rest of the melanophores 
aggregated. WernjzJe concluded that contralateral 
decussation occurs across the sympathetic commissures.
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Von Frisch (1911) cut the sympathetic chain of one 
side in the minnow. He obtained unilateral darkening of 
the fish. However this darkening was never complete, and 
thus suggested innervation from the contralateral 
sympathetic chain.
The innervation of teleost melanophores has been 
investigated by Ballowitz (1893 a and b), Wyman (1924) 
and Whitear (1952). Ballowitz studied the melanophores of 
a number of teleosts and observed that fine branches from 
more than one neurone terminate on each melanophore,
Wyman (1924) described each melanophore of Fundulus 
heteroclitus as being surrounded by a 'basketwork* of 
nerve fibres from which branches pass to the effector. 
Although %itear (1952) stated that the condition in the 
minnow agrees in all respects with that described by 
earlier workers, she claimed'that it is difficult to 
identify melanophore motor fibres. Furthermore her 
illustrations do not portray a weft of nerve fibres 
round the melanophores. She claimed that each 
melanophore is likely to overlap a nerve bundle and may 
even be closely applied to sensory nerves. Whitear 
considered that the branches of the motor nerves do not 
necessarily end on the melanophores, but may pass on to 
supply others. In the minnow a single fibre will thus 
spread over at least a scale.
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l.b.iii. Dineuronic control of teleost melanophores
The evidence from experiments involving electrical 
stimulation and nerve sectioning indicates the existence 
of melanophore-aggregating fibres. Several workers have 
suggested that melanophores are also innervated by- 
dispersing fibres, that is, their control is considered 
to be dineuronic. Waring (1942) criticised this view, 
'Evidence for dispersing fibres has not been so easily 
obtained and is not convincing to workers in this field.'
Bert (1875) suggested that the melanophores of the 
chameleon might be supplied by two sets of nerves. He 
compared aggregating fibres with a sympathetic supply 
and the dispersing fibres with parasympathetic nerves. 
However, Young (1950) considered that it is not possible 
to sub-divide visceral motor nerves of fish into 
sympathetic and parasympathetic nerves by anatomical, 
physiological or pharmacological criteria. Thus it is 
perhaps preferable to refer to these antagonistic nerves 
as dispersing fibres and aggregating fibres.
Von Frisch (1911) observed darkening of the skin 
when he stimulated electrically the forebrain of the 
minnow. However, he observed that the removal of the 
forebrain had no effect on the ability of the minnow to 
change colour. The darkening could be the result of 
either a central inhibition or of innervation of the 
melanophores by dispersing fibres.
More recently evidence considered by some workers 
to support the theory of dineuronic control of the
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melanophores has been provided by the following classes 
of experiments :
a) studies on the formation of caudal bands;
b) studies involving the effects of drugs;
c) studies involving electrical stimulation.
a) Evidence from the formation of caudal bands
Wyman (1924) and Parker (1951) made transverse cuts 
across the base of the caudal fin of Fundulus heteroclitus. 
Such a cut produces a dark band which spreads distally 
from the cut region to the margin of the caudal fin.
Maximal darkness develops within five minutes of the 
operation and persists for six hours. After this time the 
band begins to fade and is indistinguishable after two or 
three days. These caudal bands follow the tint of the 
fish in response to background reversals but show a 
considerable time lag.
Similar caudal bands have been produced in other 
teleosts including Parasilurus asotus, (Matsushita, 1938), 
Ameiurus nebulosus (Parker,1941) and Phoxinus (Gray, 1958).
Parker (1948) compared such caudal bands with the 
darkening which results from sectioning cutaneous nerves 
(Briicke, 1852; Pouchet, 1876; von Frisch, 1911).
Parker (1954a) observed that a second cut, 
peripheral to the first cut, results in a revival of 
that part of a blanched caudal band which lies distal to 
the second cut. Parker concluded that caudal band 
formation is not the outcome of melanophore paralysis 
but the cut results in stimulation of disnersing fibres.
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The formation of caudal hands does not appear to be 
the outcome of interrupting the blood capillary supply to 
the skin. Fries (1951) stated that the cuts can be so 
placed that they avoid serious damage to the blood 
vessels. Parker (1958) claimed that low power microscopic 
observations demonstrate that the capillary circulation 
is normal within the area of the caudal band.
Parker and his research school interpreted caudal 
band formation as a consequence of dineuronic control of 
the melanophores. They considered that the aggregating 
fibres are more sensitive to electrical stimulation, 
whilst the dispersing fibres are more sensitive to 
cutting. Parker (1954a) stated that the sectioned 
dispersing fibres are stimulated by materials which 
accumulate as the result of the injury, rather than by 
mechanical abrasion of the surfaces of the cut. A * window* 
cut into the fin is just as effective as a slit in 
producing a distal caudal band. Hoagland (1955) also 
suggested a- chemical basis for injury discharge.
Parker's interpretation implies a prolonged and 
continuous activity of the cut dispersing fibres. In 
order to demonstrate such activity in Fundulus, Parker 
(1954a) placed a cold block across a darkened caudal band. 
Such treatment resulted in the paling of the caudal hand 
distal to the cold block. Such a * blocked* caudal band 
could be revived by a second transverse cut placed 
between the cold block and the periphery of the tail. 
Parker concluded that these results indicate that the 
darkening of a caudal band is the result of an activation
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of the cut dispersing fibres, rather than the paralysis 
of the melanophores.
Parker (1934b) observed that, in Fundulus, broad 
caudal bands fade more slowly than do narrow bands.
Parker (1934c) obtained a partial darkening of a blanched 
caudal band in Ameiurus sp. by flanking it with two new 
caudal bands. Parker (1935) and Gray (1956) observed that 
in Fundulus and Phoxinus respectively the colour changes 
of caudal bands originate at the margins. Parker 
interpreted his observations as evidence for the 
diffusion into the caudal band of aggregating and 
dispersing neurohumors released by aggregating and 
dispersing nerve endings in the surrounding tissue.
Gray (1956) cut the spinal cord of a paled minnow in 
which a caudal band had blanched. Spinal section caused 
the skin to darken and this was followed by dispersion 
of the caudal band melanophores, beginning at the margins 
of the caudal band. Gray stated that it is difficult to 
interpret the initial dispersion of marginal melanophores 
except on the basis of a spreading dispersing neurohumor. 
Perhaps one could also suggest a mononeuronic 
interpretation for these phenomena. Thus the blanched 
bands would darken as the result of an outward diffusion 
of the aggregating neurohumor from the band. Furthermore, 
if the postulated dispersing neurohumor is acetylcholine 
(Parker, 1931) it is necessary to explain this slow 
diffusion into the caudal band bearing in mind its 
instability in the presence of cholinesterase.
Gray (1956) reported that hypophysectomy in the 
minnow has no effect upon the initial dispersion and
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later fading of the caudal hands. Furthermore, he 
observed that prolonged white adaptation, which favours 
the maximal accumulation in the hlood of the aggregating 
hormone of the pituitary, does not inhibit the initial 
dispersion which results upon nerve section. This 
suggests that this dispersion is an active process.
The behaviour of the individual melanophores along 
the margins of the caudal bands has been studied during 
paling and darkening in Fundulus (Mills, 1932a,b) and in 
Phoxinus (Gray, 1933, 1956). Mills observed that the 
limits of the caudal band do not correspond when a fish 
has darkened and paled. Melanophores were observed which 
dispersed but did not aggregate fully. Other melanophores 
aggregated but did not disperse fully. Mills concluded 
that aggregating fibres innervating certain melanophores 
had been cut whilst dispersing fibres innervating other 
melanophores had been cut. Gray (1956) noted that 
individual melanophores of the margin of a caudal band 
possess dispersed processes and aggregated processes. The 
dispersed processes are directed towards the dispersed 
melanophores of the caudal band whilst the aggregated 
processes are directed towards the aggregated melanophores 
outside the caudal band. Gray concluded that the 
melanophore effector cells are so large that a complete 
response is dependent upon innervation by several fibres. 
Furthermore, if one accepts Parker*s theory, it can be 
postulated that one part of the melanophore may be 
innervated by one type of fibre and another part by 
antagonistic fibres. On the other hand the observation
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could be interpreted merely as the result of cutting the 
aggregating fibres innervating the dispersed processes 
and not those innervating the aggregated processes. Thus 
there is again no need to postulate dineuronic control.
Abramowitz (1956) allowed the cut nerves of a caudal 
band of Fundulus to degenerate. During the regeneration 
of these nerves the responses of the melanophores were 
studied. The distal area of the regenerating region was 
photographed under both dark and pale conditions. The 
following four categories of melanophore responses were 
recognised:
i) Melanophores capable of full aggregation but incomplete 
dispersion.
ii) Melanophores capable of full dispersion but incomplete 
aggregation.
iii) Melanophores capable of full dispersion and full 
aggregation.
iv) Melanophores incapable of aggregation and dispersion. 
Abramowitz considered that these differences indicate 
differential regeneration of the antagonistic fibres 
innervating individual melanophores.
Parker*s interpretation of caudal band phenomena 
rests upon the assumption that prolonged activity of the 
dispersing fibres follows their injury. This view was not 
accepted by Sand (1935), Waring (1942) and Young (1950); 
Gray (1956) also found it difficult to accept Parker*s 
interpretation. The initiation of such injury discharges, 
lasting for two to three days, has not been adequately 
demonstrated, and is contrary to traditional physiological 
principles.
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In support of his theory Parker (1934c) quoted the 
work of Adrian (1930) and of Hoagland (1933) on injury 
discharge in mammalian and teleost nerves respectively. 
However, Sand (1935) considered that Adrian*s 
observations on post-operational discharges in mammalian 
sensory nerves do not support Parker * s theory since no 
activity has been recorded in excised nerves of 
poikilothermic vertebrates except during the actual 
infliction of the injury. Sand also criticised Hoagland*s 
conclusions on the spontaneous discharge of afferent 
impulses arising from the damaged endings of the lateralis 
nerve of 'trout and catfish*. Sand considered that these 
discharges originate in the lateralis sense organs for he 
claimed that the activity ceased when the connections 
with these sensory structures were broken.
Since the information concerning injury discharge 
in the case of poikilothermic vertebrates is so limited, 
its use, either to support or to criticise Parker*s 
theory, hardly seems to be valid.
As an alternative to Parker * s theory of prolonged 
injury discharge in dispersing fibres. Gray (1956) 
suggested that the removal of central nervous control 
may cause the initial formation of a caudal band by 
bringing into action an inherent dispersing mechanism 
within the melanophores. These caudal band melanophores 
later become sensitised and lose their refractoriness to 
diffusing neurohumors. He considered this is a feasible 
explanation since mammalian autonomic effectors become 
sensitised, not immediately, but some time after nerve 
section (Cannon and Rosenblueth, 1937)#
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It can be seen from this survey that the mechanism 
of caudal band formation is obscure and its interpretation 
is subject to controversy. Abramowitz*s regeneration work 
is perhaps the most convincing evidence for dineuronic 
control arising from observation of caudal bands. More 
concrete evidence for Parker*s interpretation would be 
provided by an electrophysiological demonstration of 
prolonged injury discharge within a caudal band. It is 
possible that histochemical and bioassay experiments, 
designed to identify antagonistic neurohumors, might 
supplement such a demonstration.
b) Evidence from electrical stimulation
Evidence from electrical stimulation is limited to 
that obtained from the experiments of Parker and 
Rosenblueth (1941). These workers stimulated the skin at 
the base of the caudal fin of the catfish Ameiurus 
nebulosus using a potential difference of 8 volts. 
Stimulation for 3-20 minutes at frequencies of 13-23 
impulses per second, each impulse lasting 4-8 milli­
seconds, produced paling. Stimulation with low 
frequencies, i.e. one or two impulses per second, with 
longer pulses, lasting 0.3-0.5 seconds, elicited 
darkening. The darkening appeared as a broad band 
spreading from the site of stimulation to the periphery 
of the caudal fin. A variation of the voltage of the low 
frequency stimuli resulted in the formation of darker 
bands for stronger stimuli and lighter bands for weak 
stimuli. This suggests that the darkening is the outcome
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of the electrical stimulation rather than the result of 
injury.
This evidence would he more convincing if it were 
verified by a repetition of such results by other workers 
studying other teleosts.
c) Evidence obtained from pharmacological experiments
Experiments placed in this category are those which 
have been designed to test the hypothesis that dineuronic 
control of melanophores would imply the participation of 
neurohumors having antagonistic effects upon these 
effectors. Interest has centred on the action upon 
melanophores of adrenaline and acetylcholine.
Smith (1931h) studied the effects of sympathomimetic 
and parasympathomimetic drugs upon the colour responses 
of Fundulus. His observations may be summarised thus:
(i) cocaine, a sympathetic stimulant, aggregates 
melanophores,
(ii) ergot, a sympathetic depressant, inhibits this 
action;
(iii) pilocarpine and physostigmine, parasympathetic 
stimulants, cause melanophore dispersion,
(iv) atropine, a parasympathetic depressant, inhibits this 
action.
Rasquin (1938) investigated the reaction of. the 
melanophores of 33 teleost species to adrenaline 
injection. He concluded that the melanophores did not 
respond at all or else some or all of these effectors 
responded by aggregation depending upon the species of
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the fish.
Spaeth (1916) observed melanophore aggregation in 
isolated scales of Fundulus in response to physiological 
concentrations of adrenaline. Spaeth and Barbour (1917) 
observed that the effect of adrenaline upon the isolated 
scales of Fundulus is reversed by ergot. This latter drug 
similarly reverses the effect of adrenaline upon 
mammalian uterine muscle, (Dale 1906-13). Abolin (1925) 
observed that adrenaline causes melanophore aggregation 
in the minnow.
Parker (I934d) allowed the melanophore nerves to 
degenerate within a caudal band in Fundulus. He observed 
that such denervated melanophores aggregated in response 
to adrenaline injection. Parker concluded that adrenaline 
acts directly upon the melanophores. This conclusion 
represents an advance over Spaeth*s experiment, since the 
scales prepared by the latter author carried with them 
nerve endings in addition to the melanophores.
Parker (1934e, 1940) observed a slight darkening in 
Fundulus and Ameiurus following injection with acetyl­
choline protected by eserine. Parker (1940) and Chang, 
Hsieh and Lu (1939) used a bioassay to demonstrate 
physiological concentrations of acetylcholine in the 
darkened skin of Ameiurus and Ophiocephalus. However, no 
estimate was provided for pale skin, nor is it certain 
that the acetylcholine was secreted by melanophore- 
dispersing fibres.
Giersberg (1931) observed darkening in Phoxinus after 
injection of parasympathetic excitants such as pilocarpine 
He also injected minnows with ergotamine in order to
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depress sympathetic activity. This resulted in darkening 
hut one or two hours later the fish became pale, 
presumably because the melanophores themselves had become 
paralysed by the ergotamine. If these fish were injected 
with acetylcholine and then stimulated electrically in the 
medulla or sympathetic chain the melanophores dispersed 
again.
Von Gelei (1942) injected Phoxinus with ergotamine 
and then one to two hours later after the fish had paled 
he injected them with acetylcholine. He then cut the 
spinal cord and sympathetic chain at different levels and 
stimulated the medulla electrically. Von Gelei concluded 
that melanophore-dispersing fibres emerge from the spinal 
cord with the first and second spinal nerves and then run 
along the sympathetic chain to be distributed to the 
melanophores by the spinal nerves. He also claimed that 
the existence of dispersing fibres could be detected by 
stimulating electrically after ergotamine injection 
without an acetylcholine injection. However, von Gelei 
considered that these fibres play no significant part in 
the colour changes of the intact fish since he observed, 
like von Frisch (1911), that section of the anterior 
sympathetic chain does not appear to result in abnormal 
colour changes in the posterior region of the body.
Dale (1906-15;) considered that ergotamine can reverse 
the action of adrenaline on the mammalian circulation and 
uterus. This has led Gray (1955) to suggest that 
ergotamine may cause melanophore dispersion, instead of 
aggregation, in response to the adrenaline released at the 
ends of the aggregating fibres. This could explain the
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darkening in response to electrical stimulation, observed 
by von Gelei, without postulating the existence of 
dispersing fibres. The action of ergotamine upon the 
activity of melanophores would appear to merit further 
investigation before these conclusions can be accepted.
Healey (1951) compared the paling curve for 
Phoxinus obtained during the first few days after spinal 
section between vertebrae 5 and 12 with paling curves 
obtained 9 days after the operation. A more rapid initial 
paling is observed for the second group of readings. If 
one accepts Parker * s view that cutting stimulates 
dispersing fibres, it could be claimed that von Gelei*s 
description of the course of the dispersing fibres is 
incomplete. Thus spinal sections, placed caudally to the 
second vertebra, would cut dispersing fibres which 
follow the course of the aggregating fibres. The stimulus 
resulting from cutting these dispersing fibres could ' 
decrease after the nine day interval used in Healey's 
experiment. However, the difference in the initial paling 
rate could also be interpreted as a reflection of changes 
in the reactivity of the melanophores towards hormones. 
Healey (1954) sectioned the spinal cord between vertebrae 
1 and 15. He sectioned anterior to the first spinal nerve 
in order to interrupt von Gelei*s dispersing fibres and he 
combined spinal section with sympathectomy in some of 
these experiments.Healey considered that the times 
required to equilibrate on black and white backgrounds 
and after background reversals do not provide evidence 
supporting the existence of von Gelei*s dispersing fibres.
From this survey it would appear that adrenaline
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probably participates in the aggregation of melanophores 
of at least some teleosts. However, the evidence 
supporting a dispersing role for acetylcholine is 
inconclusive and open to alternative interpretation. It 
is perhaps relevant to mention that the pharmacological 
work of Burnstook (1958) did not reveal the presence of 
antagonistic sympathetic and parasympathetic control of 
the gut of the brown trout Salmo trutta. He suggested that 
the gut is supplied with adrenergic postganglionic and 
cholinergic preganglionic motor fibres. Waring (1942) 
considered that the reactivity to drugs does not provide 
sufficient evidence for believing in the dineuronic 
control of melanophores.
Hogben (1924) considered that experimentation with 
drugs is of doubtful value, unless it is possible to 
localise the effect of the reagent: Hogben suggested that 
tissue culture techniques may extend our knowledge of the 
effect of chemical reagents upon the melanophores.
Langley (1921) was of the opinion that the action of 
drugs depends upon the nature of the tissue, rather than 
the nature of its nervous supply. Waring (1942) considered 
that this could be true for melanophores. He stated that 
although analoguous, but less striking, responses to drugs 
have been observed in amphibian melanophores they are not 
considered to be under nervous control in these animals.
The lack of conclusive evidence indicating the 
'resting* and * active * conditions of melanophores increases 
the problem of interpreting many exp>erimental results
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which, it has been claimed, support the theory of 
dineuronic control of these effectors. Thus, according 
to von Frisch (1911), dispersion, following nerve section, 
represents a paralysed condition. In contrast, Parker and 
his school interpreted this dispersion as an active 
condition, under the control of nerves which are stimulated 
by cutting. Then again, Giersberg (1951) considered the 
final paling produced by ergotamine to indicate paralysis 
of the melanophores. Redfield (1918) stated that 
melanophore activity involves changes in the degree of 
aggregation or of dispersion. Wyman (1924) and Parker (1955) 
both supported Redfield*s view: all states of aggregation 
and dispersion are considered to be passive, activity 
being limited to the actual processes of dispersing and 
aggregating, i.e. the changing of state.
The evidence supporting the theory of dineuronic 
control of teleost melanophores is inconclusive or else 
requires to be substantiated by further work. The activity 
of dispersing fibres has not been demonstrated. The case 
for their existence rests upon assuming their presence in 
order to explain a number of phenomena. In many cases 
alternative explanations are forth-coming. It can only be 
said that the variety of phenomena which could be explained 
by assuming the existence of these fibres does perhaps 
indicate their possible occurrence. However, importance 
should not be attached to such a conclusion since there is 
no necessity to assume dineuronic control in order to 
interpret so many of the individual phenomena.
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SECTION 2
THE NATURE OF THE INVESTIGATION DESCRIBED IN
THIS THESIS
Von Frisch (1911) demonstrated in the minnow the 
occurrence of spinal pigmento-motor fibres running caudally 
from a melanophore-aggregating centre in the medulla to 
their spinal outflow levels which are localised around 
vertebra 15. These pigmento-motor fibres are then 
distributed to the cutaneous melanophores through the 
sympathetic chain, the spinal nerves and the trigeminal 
nerves. In addition to von Frisch*s melanophore-aggregating 
fibres a number of workers have postulated the existence of 
melanophore-dispersing fibres in teleosts, including the 
minnow.
Although the spinal cord of the minnow has been 
involved in a number of experiments on colour change there 
is no record of its being the subject of a neuro-anatomical 
investigation. Present-day knowledge of teleost spinal 
autonomic tracts is meagre and it is one of the aims of 
this thesis to present the results of a neuro-anatomical 
study of one spinal autonomic tract.
The spinal lesion experiments upon the minnow 
conducted by von Frisch and other workers have been 
concerned with the effects upon the colour responses of 
complete section of the spinal cord. In contrast this 
thesis is primarily concerned with the effects of partial
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lesions on the colour responses. It is considered that 
the effects of partial lesions, together with their 
histological examination, provide data for localising the 
spinal pigmento-motor fibres. There is also the possibility 
that colour responses after cutting a proportion of the 
spinal pigmento-motor fibres when placing a spinal lesion 
might reveal the existence of a spinal tract of fibres 
antagonistic to von Frisch’s melanophore-aggregating 
fibres.
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SECTION 5
REVIEW OF THE EXPERIMENTAL AITD HISTOLOGICAL TECHNIOHES
3#a. The experimental material
The teleost described in these studies is the minnow, 
Phoxinus phoxinus L. Identification was made with the aid 
of descriptions by Couch (186?) and Tate-Regan (1911).
Minnows were obtained from the River Lee, near 
Hatfield. The best catches were made during the late 
summer and the early autumn. The fish were caught by means 
of weighted celluloid traps which were baited with bread. 
Minnows appear to be more readily baited into these traps 
under bright, sunny conditions. A good catch with a single 
trap can yield a few hundred fish. These specimens ranged 
from 4.0 cm. to 10.0 cm. in length. A good proportion of 
the catch measured about 7.0 cm. in length. This size 
proved convenient for experimental work and because of 
their abundance, 7.0 cm. minnows.were used exclusively for 
the work described in this thesis.
The fish were kept in porcelain aquarium tanks which 
were treated internally with black, non-toxic ’Bitumastic* 
paint. Perforated transparent plastic ’Kobex* covers were 
placed over the tanlcs. The tanks were supplied with 
running water and compressed air. The latter reduced the 
casualty rate during the warm summer months.
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The water temperature was recorded daily. This 
ranged from 6 .9^0 . to 20.8^0 . during the period covered 
by these studies. On one occasion when the temperature 
fell below 8-9^0 . for a few days a high mortality rate 
was produced by chioramine contamination of the tap 
water (information from the Metropolitan Water Board).
To avoid repetition of this, the water supply was turned 
off and sodium thiosulphate crystals were added to the 
tanks during prolonged periods of extremely cold weather, 
The fish were fed four times a week with freshly 
minced ox heart. This produced a high concentration of 
lean meat and so prevented clogging of the aquarium 
tank outflows by fat end connective tissue rejected by 
the fish. The minced meat was refrigerated and stored in 
bulk. This meat diet was supplemented by a weekly feed 
of ’Bemax’ in order to increase the vitamin content.
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3.b. The experimental techniques
3.h.i. The estimation of the colour responses 
of the minnow to background changes
The method used for testing colour responses was 
recommended by Dr.E.G.Healey. Black and white backgrounds 
were provided by trays. They measured 13"%9"%3" and were 
constructed from 24 s.w.g. sheet tin. After treatment 
with a protective layer of red lead each tray was painted 
with a black or white ’Valspar’ lacquer.
Each tray could contain up to six one litre beakers. 
A single fish was placed in each beaker in about 3OO ml. 
of tap water. Background reversal was effected by 
transferring a beaker from a white tray to a black tray 
or vice versa. Direct handling of the fish was therefore 
avoided. This reduced the risk of causing the excitement 
pallor described by von Frisch (1911) and Smith (1931a). 
The tin trays also contained a shallow layer of water to 
prevent the formation of an air-cell under each beaker 
and errors due to total reflection.
A black-adapted minnow pales rapidly in response to 
background reversal. For the purpose of these studies 
this paling was observed macroscopically with the naked 
eye. Initial paling is rapid. After one minute the skin 
is pale, apart from some darker lateral and dorso-lateral 
macrome1anophore areas. A more or less uniform pallor is 
attained within three minutes. Maximum pallor is 
practically complete after 2 hours.
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Generally paling conforms with this description 
although the rate of paling of the dorsolateral and 
lateral macromelanophore areas varies between individual 
fish, taking between 45 seconds and 3 minutes to pale.
During darkening on a black background the dorso­
lateral and lateral macromelanophore areas are the first 
to respond. However, these areas cease to be prominent 
after two to three minutes since the rest of the body 
surface has darkened considerably by then.
The colour responses of the experimental fish 
accorded with the description given above. However, a few 
specimens differed quite markedly in the degree and in 
the rate of their colour response. In such extreme cases 
three minutes exposure of a dark fish to a white 
background resulted in little or no detectable paling. 
Equilibrium disturbances were also observed in the posture 
of some of these specimens and it is assumed that the 
’abnormal’ colour responses indicated a diseased condition. 
It is perhaps relevant that during the histological studies 
described in Sections 4 and 5 parasites, which appeared to 
be trematodes, were found within the spinal cords of 
several fish.
The methods available for measuring the degree of a 
colour change include macroscopic observations of an 
entire fish, and, in contrast, microscopic observations 
of the changes of individual melanophores. It is difficult 
to reduce the subjective element in colour measurements 
and no single method has universal application. The choice 
of a suitable technique depends upon the nature of the 
problem under investigation and upon the speed of the
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colour response. Thus Hogben and 81ome (1931) and Healey 
(1951) employed a melanophore index when studying the 
colour changes of amphibia and of the spinal minnow 
respectively. This technique is probably best employed for 
obtaining statistical response-time graphs for relatively 
slow colour responses, such as those which are hormonally 
controlled.
The colour measurements described in this thesis are 
concerned with the readily observed effects of spinal 
lesions on the response. These involved a comparison of 
the pre-operational and post-operational responses to 
background reversals. Macroscopic observations of the 
colour responses provide adequate information. The colour 
of the fish was observed on each background under a 
40 watt tungsten lamp placed approx. 18 ins. above the 
fish. In Section 5 of this thesis the terms ’unaffected*, 
’partly affected’ and ’eliminated’ are used to describe 
the effect of spinal lesions on the post-operational 
colour response observed three minutes after background 
reversal; i.e. the effect on the neurally controlled 
response - not the slower hormonally controlled response.
Occasionally microscopic observations of individual 
melanophores were made. In this case the fish was placed 
in water contained in a trough constructed from 
plasticine and perspex. This was placed upon the stage of 
a binocular and the melanophores were observed under 
reflected light from a 40 watt tungsten lamp. Such 
readings were usually completed 10-15 seconds after 
removing the fish from its beaker.
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The surgical procedure employed for 
placing spinal lesions
The apparatus used for operating upon the fish under 
anaesthesia is figured in Plates 1 and 2 (p.49). A 
similar system was employed by von Frisch and Stetter 
(1932) for their studies on the ear of the minnow.
Healey (1948, 1951) modified this apparatus for 
performing spinal sections in the minnow.
Before the operation each fish was anaesthetised 
for ten to fifteen minutes with 200 ml. of 0 .5% urethane 
contained in a one litre beaker. The ’operating table* 
consisted of a block of paraffin wax which filled a zinc 
tray. A medial groove in the wax block supported the 
fish (Plate 3, p.50). A layer of filter paper provided a 
suitable moist surface underneath the fish.
A drip apparatus (Plate 1, p.49) was used to 
maintain anaesthesia during the operation. Tap water and 
0.25% urethane were contained in * reservoir* Winchester 
bottles. These were placed upon a shelf situated 2*6** 
above the operating table. The water and urethane were 
siphoned into a common filter funnel. The resultant 
anaesthetic solution dripped through a rubber tube and 
into the groove supporting the fish. The clamps (Plate 1, 
p.49; figs. 1 and 2) allowed the strength of the 
anaesthetic to be adjusted. The breathing movements of 
the fish were used to estimate the depth of anaesthesia.
The operation was performed under a low power 
binocular (Plate 2, p.49). This carried a low voltage
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lamp which illuminated, the site of the operation with a 
bright pencil of light.
In order to expose the vertebral column, a skin
incision, 5-6 mm. in length, was cut with a fine scalpel. 
The underlying muscles were cut and the sides of the 
wound were gently pulled apart. During the operation the 
incision was kept open by means of a pair of hooks bent 
from pins. Small springs placed beneath the * operating 
table* provided the tension required for keeping apart 
the muscular v/alls of the wound. This tension is 
transmitted to the hooks by means of the mechanism 
represented in Plate 4 (p.50). Each hook is attached to 
the upper arm of a lever by means of a thread of 'Eylusta*.
The lower arm of the lever is attached to the spring. The
arms of the lever are made of perspex and lock nuts hold 
these arms in position on a 4 B.A. screw which serves as 
a pivot. The bearings for this pivot were cut from perspex. 
The pair of hooks and levers are shown in position in 
Plate 3 (p.50). This lever system leaves the * operating 
table'free of any structures which would impede 
manipulation during the operation. These levers replaced 
the system of weighted hooks described by Healey (1948).
The freedom of movement is particularly advantageous 
when placing smaller lesions in the spinal cord.
A fine jet of Young*s Ringer was directed into the 
wound (Plates 1 and 3 ; pp.49-50) in order to keep it 
clear of blood (Healey, 1948). The force of this jet was 
controlled by a screw clamp (Plate 1, p.49; fig*3). The 
Ringer and urethane waste drained from the * operating 
table * through an outlet tube and was collected in a 
waste bucket.
48
Fine instruments ground from needles were employed 
for making the spinal lesions, The production of these 
instruments will be described later (Section 3#b.iii, 
pp. 51-56). A fine chisel (Plate 6, p.55; fig.c) was 
used in order to remove a section of the neural arch to 
expose the spinal cord. A pair of fine watchmaker's 
forceps supplemented this chisel. Fine blades (Plate 6, 
p.55; figs, d and e) were used for cutting the spinal 
cord.
The incision was sewn up with 'Nylusta* thread. A 
stitch was inserted with the aid of a Barraquer's suture 
needle held by a pair of artery forceps. During this 
manipulation the slippery skin was gripped with a pair 
of Lang's iris forceps.
In view of the warning published by Ball and Cowen 
(1959), concerning the possible carcinogenic action of 
urethane, surgical gloves were worn by the operator while 
handling the anaesthetised fish and performing the 
operation.
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PLATE 2
The ' operating; table *
PLATE 1
Plan of the * operating table * 
and drip apparatus 
Pigs. 1, 2 and 3 indicate 
screw clamps for controlling 
the fluid flow.
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PLATE 3
An experimental fish during an operation
PLATE 4
Transverse plan of the sinistral side of the 
* operating table* demonstrating the hook-lever system
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3«b.iii. The preparation of instruments for cutting
small spinal lesions
Two types of instrument are described in this 
section: i) small chisels were used to remove a short 
length of the vertebral neural arch in order to expose 
the spinal cord; ii) fine blades were then used for 
cutting the exposed nervous tissues of the spinal cord.
At the spinal levels selected for these experiments the 
diameter of the spinal cord measured approximately 0.6 
to 0.7 mm. and operations were performed under the 
binocular microscope. Thus microdissection instruments 
were employed.
The instruments were ground down from sewing needles. 
Of the commercial brands which were sampled, those 
manufactured from nickel plated brass were found to be 
unsuitable. These did not provide a good cutting edge 
when they were ground. Number 8 ‘Elephant Brand* betweens, 
manufactured by W.Hall and Go. of Studley, are made of 
steel and provide a satisfactory cutting edge. This brand 
was supplied by D.Liberman, 41, Broadwick Street, Golden 
Square, ¥.1.
The machine used for grinding the instruments is 
shown in Plate 5,(p.55)# This machine was constructed by 
î'ir.Vi/hite, of the science workshop at Bedford College, to 
Dr.Healey*s specifications. The grindstone is a product of 
the Carborundum Company, catalogue number AA220-N5-V90. 
This grindstone is rotated at high speed by a fractional 
horse power electric motor.
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During grinding, the needle was held at a fixed 
position, relative to the grindstone. By altering this 
position different shapes of blades could be produced.
The angular calibration scales, A and B, facilitated the 
formation of a variety of replicable methods for grinding 
the requisite range of instruments.
The needle could be tilted about a horizontal axis
in order to alter its vertical angle of contact with the
grindstone ; Scale A indicates this vertical angle of 
contact. Scale B indicates the horizontal angle of contact 
This horizontal angle of contact was altered by rotation
of the needle about a vertical axis.
VThen the needle and its holder had been * set* at the 
correct angles on these scales, both were maintained in 
this position by means of locking screws. These screws 
lock the needle holder to the carrier C. This carrier 
could be moved to and fro across the face of the rotating 
grindstone along the lubricated transverse beam D. This 
movement minimised the period of contact between the 
needle and the grindstone. In this way overheating and 
detempering of. the needle were avoided.
The risk of shattering the needle was reduced by 
grinding away only thin successive layers of metal. To 
achieve this the movement of the needle along the 
horizontal axis of the machine was effected by means of 
a screw thread rotated by means of the milled knob, E.
Such rotation moved the entire assembly. A, B, G and D to 
or from the grindstone. The extent of this movement was 
judged accurately by means of scale E. Each division of 
scale E is equivalent to a 1/lOOOth of an inch movement
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of the needle.
The formulae listed in Table 1 (p.56) were developed 
in order to produce the chisel (fig.c) and the blades 
(figs. d and e) illustrated in Plate 6 (p.55)# In Table 1 
the letters A, B and P are the same as those used to 
demonstrate these scales in Plate 5 (p#55)» These formulae 
incorporate different combinations of the angles of 
contact between the grindstone and the needle, and varying 
degrees of grinding.
Por all the formulae a 7mm. length of the needle 
protruded from its holder. Two opposite sides were ground 
to produce two parallel surfaces without any cutting edge 
included betv/een them. This 'blank* (Table 1, p.56; 
formula 1) represents a preliminary stage in the grinding 
of all the instruments. Thus the instruments produced by 
formulae 2, 3 and 4 were ground from the *blanl[* produced 
by formula 1. The cutting of the * blank* removes much of 
the metal from the needle and it can then be very easily 
ground to produce a blade or chisel.
The chisel (Plate 6, p.55; fig.c) produced by formula 
2 was used for the removal of a length of the neural arch 
( see p.128). The fine blade ground by formula 3 (Plate 6, 
p.55; fig. d) was used for cutting ventral and dorsal 
lesions in the spinal cord. The oblique blade produced by 
formula 4 (Plate 6, p.56; fig.e) was used in cutting 
lateral lesions from a dorsolateral approach. Purther 
information on the use of the blades is provided on 
pp.120 and 128 •
The scale P readings listed in Table 1 (p.56) 
represent the relative distances advanced forward and it
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is not an absolute scale. To avoid overheating and the 
risk of shattering the blade, scale P was rotated through 
only half a division each time. After rotating scale P 
the carrier C was moved across the grindstone two or 
three times. The last three stages of formulae 3 and 4 
removed from the cutting edge the burr produced earlier 
in the sequence. The last two stages of the formulae were 
repeated until the burr disappeared completely.
The blades were finally honed on a smooth 
*Garborundnm’ water stone (catalogue nimber; 20lA Aloxite 
superfine hone) to produce a good cutting edge. Honing 
was performed very carefully under a binocular microscope.
Pollowing Dr.Healey*s advice, the completed blades 
were mounted in a length of glass tubing. The glass tube 
was first drawn to a fine point into which finely ground 
sealing wax was packed. After melting the wax by warming 
the point over a low Bunsen flame the blade shaft was 
placed in the point of the glass * handle * into which it 
'set' when the wax hardened. Before the blade was mounted 
the glass tube could be bent so that the blade could be 
held at the appropriate angle for a specific type of 
operation.
The finished blades and chisels were stored 
vertically with their glass handles mounted in a suitably 
drilled wooden base. Treatment with thin machine oil 
prevented the blades from rusting. A xylol bath before 
using the blades removed the oil film without any 
necessity to wipe the blade.
55
B C PLATE 3 
The machine used for 
grinding microdissection 
instruments for 
operations
The annotations are 
referred to in section 
3 .h.iii
PLATE 6 
The microdissection 
instruments used for 
operations
A
a = face view of a 'blank' (formula 1) 
b = profile view of a*blanlc' (formula 1) 
c = profile view of a chisel (formula 2 ) 
d = face view of a fine blade (formula 3) 
e = face view of an oblique blade (formula 4)
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TABLE 1
Eormulae for grinding the microdissection instruments 
Formula 1: Production of a 'blank*
Scale A Scale B Scale F
Sequence (degrees) (degrees) (divisions)
(i) 0 0 7
(ii) 0 180 7
Formula 2: Production of a fine chisel
Scale A Scale B Scale F
Sequence (degrees) (degrees) (divisions)
(iii) 2.5 G 1
. (iv) 2.5 180 1
Formula 3: Production of a fine blade
Sequence
Scale A 
(degrees)
Scale B 
(degrees)
Scale F 
(divisions)
(iii) 0 20 3
(iv) 0 160 3
(v) 0 20 3
(vi) 0 160 3
(vii) 0 20 1
(viii) 0 160 0
_ (ix) 0 20 0
Formula 4; Production of an oblique blade
Sequence
Scale A 
(degrees)
Scale B 
(degrees)
Scale F 
(divisions)
(iii) 2.5 20 3
(iv) 2.5 160 4
(v) 2.5 20 1
(vi) 2.5 160 0
(vii) 2.5 20 0
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3.b.iv. The preliminary estimation and the final 
determination of the vertebral level of spinal lesions
Spinal lesions were employed in order to conduct a 
detailed comparative investigation of selected spinal 
levels. This necessitated an estimation of the location 
of the selected spinal level before performing each 
operation. On completion of the post-operational 
observations the spinal level of the lesion was determined 
in order to check the original estimation.
Von Frisch (1911) determined the level of his spinal 
sections by skeletoning the experimental fish after 
placing it in boiling water. Von Frisch considered that 
the first long rib in his specimens was borne by the fourth 
vertebra and he diagramatically represented short rib-like 
processes on the first three vertebrae.
Since the first long rib provides a guide for 
estimating and determing spinal levels, von Frisch's 
observations were carefully checked for the River Lee 
specimens. Thus nine minnows were killed by quickly 
crushing the brains with forceps. Their overall lengths 
ranged from 6.5 to 7.2 cm. and so approximated in length 
to those used for experimental purposes. The dead fish 
were placed in boiling water for half a minute and then 
skeletoned by dissecting the muscles away carefully.
Three of these skeletons were studied without further 
treatment. The appearance of the cephalic region of the 
vertebral column is represented in Plate 7 (p.58) which 
was prepared from the study of these three specimens. The
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PLATE 8 
The ventral aspect of the 
dissected centra of the 
first four vertebrae
PLATE 7 
The anterior vertebrae 
of the minnow
PLATE 9 
Sagittal section of the 
anterior vertebrae and of 
the cranial joint
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anterior vertebrae appear to be similar to those described 
by von Frisch (1911) since three pairs of short ribs are 
borne between the skull and the first pair of long ribs.
The anterior vertebrae of another three fish were 
carefully separated. These skeletons were first of all 
allowed to dry out in order to facilitate separation of 
,the vertebrae. A series of ridges can be identified along 
the ventral surface of the centra. These ridges represent 
the joints between the individual vertebrae since the 
centra can be separated from each other quite easily at 
these ridges v/ith the aid of a pair of watchmaker's 
forceps and a fine scalpel. By means of this technique 
four amphicoelous vertebrae were separated from the length 
of the vertebral column between the skull and the vertebra 
bearing the first pair of long ribs. Thus the first long 
ribs are borne on the fifth vertebra and not on the fourth 
vertebra as recorded by von Frisch in his mid-European 
specimens. The first four vertebrae are shown, drawn after 
their separation, in Plate 8 (p.58). The centra of the 
first, second and fourth vertebrae all bear short ribs, 
but the centrum of the third vertebra does not possess any 
ribs at all.
The remaining three skeletons were prepared for 
histological examination. The anterior vertebrae, including 
the vertebra bearing the first long ribs, were detached 
from the rest of the vertebral column. These anterior 
vertebrae, together with the posterior half of the skull, 
were fixed and decalcified in Zenker acetic for 4-8 hours 
(Schedule 1 , p. 79). The material was washed, dehydrated 
and embedded in 58^ wax (Schedules 1 and 2, pp. 79-80 ).
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Longitudinal sections were cut at 15 and mounted and 
stained with Mallory's trichrome (Schedule 3, p.81).
Plate 9 (p.58) was prepared from one specimen but in 
all three specimens five vertebrae could be identified, 
that is, the vertebral column had been cut across between 
vertebrae five and six. This confirms the previous 
observation made when separating the vertebrae. Plate 9 
(p.58) demonstrates that the concavity between the 
amphicoelous centra is filled with a spongy tissue, 
probably a; notochordal vestige. A concavity at the base 
of the occipital region of the skull contains a similar 
spongy tissue.
Thus, from the results of this study, it appears 
that the first long rib is carried by the fifth vertebra 
of the specimens used for the experimental work.
During anaesthesia the dorsolateral, pigmented 
surfaces of the fish darken considerably. The dorsolateral 
'myocommatal pattern' is obscured by this darkening and 
therefore cannot be employed for estimating spinal levels. 
In contrast the colour of the unpigmented ventrolateral 
surfaces is unaffected during anaesthesia. Thus the 
ventrolateral lengths of the myocommata, covering the 
ribs, can be identified during anaesthesia. The first 
long rib, i.e. that borne by vertebra 5 , is associated 
with the first myocommatal line running to the ventral 
surface. Anterior to this level, i.e. in the opercular 
region, the myocommatal lines can be recognised only on 
the dorsolateral surfaces.
An estimation of the spinal level, sufficiently 
accurate for the purpose of these experiments, was
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obtained by projecting dorsalwards the appropriate 
ventrolateral myocommatal line. The point at which this 
line crossed the estimated level of the vertebral column 
provided a useful practical indication of the spinal 
level at which the lesion was to be placed. The projection 
was performed on the anaesthetised fish immediately before 
performing the operation. The ventrolateral myocommatal 
lines were counted and excess moisture was carefully 
removed from the skin at the site of the proposed 
operation with a strip of filter paper. The myocommatal 
projection was marked with a thin line of 5% aqueous 
eosin painted onto the skin with a fine camel hair brush. 
Aqueous eosin was chosen in preference to a commercial 
organic marking agent and a grease paint. The former was 
found to be toxic whereas application of the latter 
involved using an excessive pressure. After making an 
incision in the skin the eosin was readily washed away by 
the jet of Young's Ringer.
Experience with this technique proved it to be a 
reliable means of estimating the spinal level within the 
limits adopted for the experiments described in Section 5* 
It provided a more accurate technique than methods 
involving estimations of distances from the dorsal fin, 
or from the posterior edge of the operculum.
On completion of the post-operational observations 
the fish were killed by crushing the brain with a pair of 
forceps and the spinal level of the operation was checked. 
Fish in which complete spinal sections had been placed 
were 'skeletoned* with boiling water. The level of the 
spinal section was then quite readily checked from the
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isolated skeleton. However this te clinique could not be 
used for checking the spinal level of partial lesions.
The extent of such lesions had to be determined 
histologically and so they could not be subjected to the 
action of boiling water. In such fish the myotomes and 
vertebral column were cut across cephalically and caudally 
to the level of the spinal section. The myotomal block 
thus isolated was removed from the body and trimmed 
carefully with a pair of fine scissors, the ventral body 
wall being cut away and the skin carefully removed to 
expose the dorsal muscles. Removal of the skin facilitated 
penetration of the fixative. The 'Nylusta stitch' was 
removed from the wound so that it would not impede section 
cutting by tearing the wax ribbon.
The myotomal muscles were trimmed but not right down 
to the vertebral column. A layer of muscle provided 
support and prevented breakage at the level weakened by 
the operation. Such support was necessitated by the 
subsequent histological preparation. To facilitate the 
correct orientation of the block during wax embedding a 
prominent muscular rim was left projecting at the anterior 
end of the myotomal block.
The isolated length of tissues measured 0.7 to 1.0 cm. 
Immediately after the initial preparation the tissues were 
fixed in 20 ml. of a freshly prepared solution of Zenker 
acetic contained in a labelled specimen tube. The 
subsequent treatment of this material is outlined in 
Schedules 1 and 3 (pp.79 and 81 ). The extent of the lesion 
was determined from this material as described in detail 
in Section 3.b.i. (pp.127- 135). The location of these
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lesions was also checked from this material. This method 
was adequate for checking the level of lesions in the 
anterior region of the spinal cord. For more posterior 
lesions this histological check was combined with a 
vertebral count after skeletoning the length of the fish 
between the skull and the isolated block of tissues.
3 .b.v. The period for recovery from anaesthesia
Anaesthesia, with urethane causes melanophore 
dispersion. Before the post-operational observations can 
be made upon the effect of a spinal lesion the fish must 
have recovered fully from this effect of anaesthesia. In 
order to determine a suitable period for recovery from 
anaesthesia, the following experiment was performed.
Five fish were subjected to background reversals in 
order to determine whether they gave marked colour 
responses (p.44). These fish were simultaneously subjected 
to background reversals again and their individual overall 
shade and colour patterns were observed and recorded after 
one minute and three minutes exposure to white and to 
black backgrounds. On completion of these control 
observations the fish were anaesthetised individually in 
0 .5/i urethane for fifteen minutes and then in 0 .257i 
urethane for a further ten minutes. These times 
approximate to the period of initial anaesthesia and the 
time occupied when performing the operation during the 
experiments reviewed in Section 5.
The anaesthetised fish were replaced in tap water in
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tlie beakers which had been used for the control 
observations. These beakers were placed on a black 
background. After three minutes the background was 
reversed. Background reversal from white to black or vice 
versa was repeated simultaneously for all five fish every 
three minutes for a total period of one hour. After each 
background reversal the colour response of each fish was 
observed and its macroscopic appearance was recorded after 
one minute and after three minutes: the overall shade of 
the fish and its colour pattern were noted.
On completion of this sequence of background 
reversals the record for each fish was compared with the 
record for the control observations on that fish.
Generally the first signs of paling, in response to a 
white background, occurred between 9 and 15 minutes after 
the removal of the fish from the urethane. Full recovery 
of the colour response was observed to occur between 21 
and 27 minutes after removal of the fish from the urethane,
Thus, in order to avoid the effect of anaesthesia 
upon the post-operational colour responses, a minimum 
period of 40 minutes was allowed to lapse before any 
background reversal tests were performed.
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5.C. The histological techniques
5.c.i. Discussion of the techniques
The histological techniques described in this 
section are concerned with two separate lines of study. 
First, there are the techniques used to study the anatomy 
of the spinal cord. Secondly, the post-operational 
observations were completed by a histological study of 
the lesions in order to determine their extent and 
location. Ths histological techniques for these two inter­
related fields of investigation were worked out together. 
Since there is therefore a considerable degree of overlap 
in these methods they will be reviewed together.
This study is concerned with an initial histological 
investigation of the structure of the spinal cord of 
Phoxinus and with the location of the spinal pigmento- 
motor fibres. It was therefore considered that, for such 
a study, suitable histological techniques should reveal 
the gross structure of the spinal cord, i.e. the extent 
of the white and grey matter and their relationships, 
together with some indication of the finer structure of 
these regions. Since the extent of the lesions v/ould have 
to be estimated with the-aid'of serial sections, and 
since a large number of specimens would require such 
examination, a method employing paraffin sections was 
considered preferable to celloidin.
The vertebrae constituted a problem. Owing to the
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small diameter of the spinal cord and the delicate nature 
of its tissues, it was not a simple matter to dissect the 
hone away and isolate a considerable length without 
damaging the nervous tissues. It was essential in the case 
of the experimental material to avoid obscuring the extent 
of the lesion by such extraneous damage. Thus it was 
expedient to incorporate a method of decalcifying the 
vertebrae in the histological schedule. Then again, since 
removal of the neural arch at the site of the operation 
creates a point of weakness in the vertebral column, the 
cord could easily fracture at the site of the experimental 
lesion during its histological processing. In order to 
avert this danger a layer of myotomal muscle was left to 
provide support for the vertebral column, and the presence 
of this tissue had to be considered when devising a 
schedule for the preparation of the experimental material.
In the search for suitable methods the histological 
textbooks of Lee (1'950), McQlung, Jones (195G) and Gray 
(1954) were helpful and were referred to frequently. 
Schedules 1 and 2 (p. 79 and 80 ) were devised after 
conducting experiments which were designed to compare the 
relative merits of some of the fixatives recommended by 
these authors.
The fixatives investigated can be divided conveniently 
into two distinct groups. Firstly, there were those which 
incorporated an acidic component so that fixation and 
décalcification could proceed simultaneously. This group 
consisted of Bouin's fixative, Zenker acetic, Stieve's 
fixative and a mixture of 10% formol saline and 5% formic 
acid; Stieve*s fixative was advised for this type of work 
by Kirsche (1951). The second group, represented by
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10% formol saline and Helly's Zenker formol, did not 
contain an acidic component and fixed material had 
afterwards to be separately decalcified or the spinal 
cord dissected out from the vertebrae.
One centimeter lengths of the vertebral column and 
its surrounding myotomal muscular tissue were removed from 
minnows which had been freshly killed by decapitation.
Each of these test samples was placed in a separate vessel 
containing 25 ml. of the appropriate fixative.
The standard histological textbooks recommend a 
lengthy period of fixation for many of the methods 
employed for this type of neurological work. This point 
was borne in mind when testing these fixatives. In the 
case of the methods combining fixation with 
décalcification the samples were tested at intervals with 
a sharp needle in order to determine when the vertebrae 
had been decalcified.
Zenker acetic and Stieve*s fixatives decalcified the 
vertebrae of the minnow quite rapidly, taking 24-48 hours. 
The Zenker acetic and Zenker formol fixatives were freshly 
prepared immediately before use, the acetic acid or the 
formol being added to a stock basal solution. This 
precaution was necessitated by the nature of the 
oxidative changes which occur in these fluids. For the 
same reason the fixative, in these two cases, was replaced 
by a fresh solution once every 12 hours. Further, these 
two fixatives v/ere not employed for long periods of 
fixation, in accordance with Lee's advice 'If the objects 
are allowed to remain too long in the fluid there may be 
formed precipitates, which it is very difficult to remove.'
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Bonin'8 fixative was found to have a slow 
decalcifying action and as, also, it did not give good 
fixation of the white matter this fixative was not 
studied further. In an attempt to determine whether post­
fixation décalcification with acid was superior to 
simultaneous fixation and décalcification 5% nitric acid 
was employed to decalcify the vertebrae in material 
fixed in either Zenker formol or 10% formol saline.
Before décalcification these samples were washed overnight 
in running water to remove the fixative. Décalcification 
with nitric acid was complete after 24 hours.
A length of the vertebral column and spinal cord 
fixed and decalcified simultaneously with a mixture of 10% 
formol saline and 5% formic acid provided material for 
comparison with those tissues fixed in formol saline 
alone; and with similarly fixed material decalcified with 
5% nitric acid after fixation.
In order to avoid the effect of acidic fluids upon 
the nervous tissues the spinal cord was carefully 
dissected out from the vertebral column of some of the 
test samples which had been fixed with formol saline and 
Zenlcer formol. This dissection was facilitated by the 
hardening of the nervous tissues which resulted from 
fixation. This material proved to be a useful control for 
estimating the effect of the acid employed for decalcifying 
other samples fixed in the same way.
A chelating agent 'Sequestrene* was used with some of 
the Zenker formol material in order to achieve non-acidic 
décalcification. However, its action was found to be slow, 
but, on considering this observation retrospectively, it is
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possible that its activity may have been blocked by the 
muscular tissue covering the vertebrae.
According to the histological textbooks mentioned 
already, it is possible to employ a process of post- 
chroming in order to produce stainable compounds of 
lipids which are not easily washed out by the reagents 
used for dehydration and clearing. Thus Baker (1958) 
stated that a wide range of unsaturated lipids are 
rendered insoluble by treatment with potassium dichrornate. 
This stabilisation is considered to consist of three 
processes, an oxidation, a polymerisation with loss of 
solubility in lipid solvents, and a binding of chromium. 
Some of the techniques employed for the fixation and 
staining of myelin, e.g. those of Regaud and Weigert, 
incorporate a stage of post-chroming, or a chrome 
mordant, in order to harden the myelin. Since satisfactory 
fixation of the white matter was considered essential, the 
advantage of using such a post-chroming process was 
studied. Some of the samples from each of the fixatives 
already reviewed were therefore post-chromed in a 3% 
potassium dichromâte solution after washing out the 
fixative overnight in running tap water. The samples were 
post-chromed for 1 week and for 2 weeks in specimen tubes 
each containing 20 ml. of potassium dichromate solution 
for each specimen. 2 weeks was found to be a better 
period than 1 week for post-chroming.
Before embedding the material was washed in running 
tap water for 24 hours. The samples were then dehydrated 
and cleared by the method outlined in Schedule 1 (p.75) 
and embedded in 58° wax. Transverse sections were cut at
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10 micra and slides from each of the test samples were 
stained with either the Mallory trichrome stain (Schedule 
3, p. 81 ) or the Mallory eosin and methylene blue method 
(Schedule 4, p.83 ). Further details of these methods are 
given later on in the text. It will suffice for the 
moment to say that each of these methods was tried with 
these test samples in order to find a suitable combination 
of fixation and staining. The stained sections were 
mounted in D.P.X. mountant (Schedules 3 and 4, pp.31- 83) 
manufactured by British Drug Houses Ltd.
Examination of the sections revealed that the Zenker 
fixatives followed by post-chroming produced satisfactory 
preservation for the purpose of these investigations. The 
best prepax'ations were obtained from material fixed for 
48-72 hours in Holly's Zenker formol and then post­
chromed for 2 weeks. This treatment hardened the spinal 
cord and thus facilitated its removal from the vertebrae 
of each length of fixed material. The lengths of spinal 
cord were hardened sufficiently to be handled during 
subsequent histological processing. This method, outlined 
in Schedule 2 (p.80 ), gave good preservation of the 
white matter (Plate 13, p.72) and amongst the histological 
methods compared myelin distortion proved to be minimal in 
this case.
Good preservation was also obtained with material 
fixed for 48-72 hours in Zenker acetic followed by 2 weeks 
post-chroming (Plate 12, p.72). However, in this case the 
preservation of the white matter did not attain the 
standard of perfection obtained with the Zenker formol 
fixation. Both the axoplasm and the myelin sheath were
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more distorted. Although the acidic component of this 
fixative was assumed to he the cause of this increased 
distortion, the presence of the acetic acid also resulted 
in successful décalcification of the vertebrae. Thus, 
although the standard of preservation of the axons was to 
a certain extent compromised, this method did provide a 
useful method for the histological treatment of the 
experimental material since décalcification eliminated 
the necessity for dissecting out the spinal cord. With 
both the Zenker formol and Zenker acetic methods of 
fixation, followed by post-chroming, it was possible to 
identify distinct tracts of fibres in different regions of 
the white matter. The tracts were recognised on the basis 
of differential diameters of fibres. Such a standard of 
preservation was not achieved by the other techniques 
studied.
Experience with Zenker acetic and post-chroming during 
the experimental work indicated that a long wash in running 
tap water was advisable in order to remove the fixative and 
the potassium dichromate. This precaution reduced 
brittleness during section cutting. Vacuum embedding 
produced a further improvement by eliminating cavities in 
the wax block caused, presumably, by pockets of air or 
accumulation of gas pockets in the muscle and in the 
vertebrae as a result of décalcification.
Although Zenker fixation proved to be a satisfactory 
method, as can be judged by comparing Plate 10 with Plates 
11, 12 and 15 (p. 72), the other fixatives also yielded 
interesting information. Perhaps an outstanding point was 
that in all cases a period of post-chroming produced a
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PLATE 10
- - -
% Fixation: 10% formol - 2 weeks 
Stain: Mallory * s trichrome. 
(x 270)
PLATE 11
Fixation: Zenlcer acetic - 60 hrs. 
Stain: Mallory * s trichrome.
(x 270) mus
PLATE 12
Fixation: Zenker acetic - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory * s trichrome•
(x 270)
PLATE 15
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
(x 270)
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considerable improvement in myelin preservation (compare 
Plates 11 and 12, p.72). This improvement was more 
striking with material post-chromed for 2 weeks than with 
that post-chromed for only one week.
Combined fixation and décalcification with the 
mixture of 10% formol saline and 5% formic acid resulted 
in better preservation of the axons than did fixation 
with 10)6 formol saline alone. In this context Holmes 
(1943) after fixing nervous material in formaldehyde (40%) 
for varying lengths of time and then post-chroming it, 
stained with Kulschitzky*s haematoxylin and differentiated 
by Pal's method. He found that prolonged fixation with 
formaldehyde resulted in a reduction of the amount of 
myelin, and he suggested that this is the result of a 
gradual loss of lipid material from the myelin sheaths. 
However, this was not the case if the formaldehyde 
contained 5% acetic acid. He also stated that although 
acid formaldehyde gives better preservation of myelin 
acidification does cause distortion of the axons. As in 
the case of Holme's observation on the result of 
acidification of formol, acidic Zenker fixation, i.e. 
with Zenker acetic, appears to result in greater axon 
distortion than fixation with Zenker formol (compare 
Plates 12 and 13, p.72). However, it is difficult to 
make a parallel comparison of the effect of acidification 
upon preservation of the myelin in the case of Zenker 
fixation. The distortion of the axons produced by 
Zenker acetic makes it difficult to compare the degree of 
preservation of the myelin in the case of these two 
Zenker fixatives.
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Neither Stieve*s fixative nor Benin’s fluid gave 
satisfactory results, although both were improved 
considerably by a period of post-chroming. Stieve’s 
fixative decalcified the vertebrae in the same time as 
did Zenker acetic and when coupled with a post-chrome 
quite good myelin preservation was obtained. However, 
there was still considerable distortion of the axons and 
this obscured the fibre tracts which could be identified 
with Zenker fixation.
As a result of these studies Zenker acetic coupled 
with a post-chrome was selected for the fixation and the 
décalcification of the experimental material. Zenker 
formol coupled with a post-chrome and then followed by 
the dissection of the hardened spinal cord was the method 
used for the preparation of the material used for the 
anatomical study. Details of the way in which these 
methods were employed are summarised in Schedules 1 and
2 ( pp. 79 -80 ).
As indicated in .Schedules 1 and 2, after washing out 
the fixative in runnipg water, both the experimental 
material and the anatomical material were dehydrated in 
Cellosolve (ethylene glycol mono-ethyl ether) manufactured 
by British Drug Houses Ltd. The material was then cleared 
in 2 baths of methyl benzoate followed by one bath of 
benxene before impregnation with and embedding in 58  ^wax.
Cellosolve, methyl benzoate and benzene were used 
because* according to Lee (1950), both alcohol and xylol 
tend to harden tissues. licClung Jones (1950) stated that 
’tissues may remain in Cellosolve for months without 
injury* and Lee claimed that material does not harden in
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methyl benzoate. The Schedules used were the result of 
combining HcClung Jones * s schedule for Cellosolve 
dehydration with Lee * s recommendations for methyl 
benzoate and benzene for clearing.
The product of the resultant schedule was compared 
with the product of an alcohol-xylol schedule: samples of 
material fixed in Zenker acetic for 48 hours, without 
post-chroming, were used for this test. The Cellosolve- 
methyl benzoate-benzene schedule proved to be superior to 
the alcohol-xylol method. The former schedule did produce 
a significant improvement in section cutting, the alcohol- 
xylol material tending to have some brittle patches. 
Further, when the sections prepared by both schedules were 
examined the spinal cord was found to be in a better state 
of preservation in the Cellosolve-methy1 benzoate-benzene 
sample. In this material the axoplasm was better preserved 
and there was a trace of the myelin present. However, in 
both samples there was considerable distortion and 
preservation was not as good as in material which had been 
post-chromed. It could well be that this observation has 
little significance in the case of post-chromed material. 
This point of difference really needs a broader study for 
its verification, but it could be linked with the 
differences in lipid solubility in the reagents compared. 
It is perhaps relevant at this point to mention the work 
of Chou (1958). This worker compared the effect of 
different antemedia on the preservation of lipid sites in 
paraffin sections of the skin of the mouse and of the 
liver of the newt fixed with Flemming*s fluid or with 1% 
osmium tetroxide. He concluded that the black compound
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which lipids form with osmium tetroxide is insoluble in 
benzene or chloroform but dissolves slowly in xylol or 
toluene•
Serial sections of both the experimental and 
anatomical material were cut at 10 micra and mounted on 
5” X 1” slides. As suggested by Lee (1950) a thin film of 
Mayer * s glycerine albumen was smeared over the slide and 
a drop of water was smeared over this. The paraffin ribbon 
was then arranged on this film of water and floated out at 
about 40° 0. After draining the excess liquid from the 
slides they were placed in an oven to dry at 37^ C. Since 
the experimental material was stained in bulk the slides 
were usually left in the oven for several days until a 
sufficiently large number had accumulated for staining.
As stated on page 70 the Mallory trichrome stain was 
used for these studies (Schedule 3, p.81 ). This method 
stained the cell nuclei purple; the axoplasm, neuroglia 
and ependyma pink; the myelin sheaths yellow and collagen 
blue. This staining schedule was recommended by Mr.P.N. 
Lilly of University College, London. Mallory*s eosin and 
methylene blue (Schedule 4, p.83 ), suggested by Lee 
(1950), also yielded some information on the structure 
of the grey matter, the cell bodies of the neurons and 
the ependymal cells being stained an intense blue against 
a pink background. This schedule was employed with post­
chromed Zenker acetic material and contributed to the 
anatomical study^ described in Section 4.
Sections for staining by both of these methods were 
first of all dewaxed, freed of mercuric precipitates , and 
then stained and prepared for mounting. These stages in
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the preparation of the material are summarised in 
Schedules 3 and 4 (pp.81 and 83 ). Xylol and alcohol 
were used since the period of immersion was relatively 
short. The slides were treated in batches of 15 at a time, 
in stainless steel slide carriers, manufactured by 
Solmedia Ltd. The histological reagents and stains were 
contained in a series of glass vessels, each measuring 
4.7" X 4.7" X 2". The carrier was carefully drained 
during its transfer betv/een the containers in order to 
minimise contamination of the reagents.
D.P.X., manufactured by British Drug Houses Ltd., 
was used as a mountant and the sections were covered with 
a 2" X number 0 coverslip. The slides were then stacked 
and dried in an oven at 37° G . before they were examined.
In addition to these techniques the Weigert-Pal 
method (Schedule 5? p.85 ) was also employed. This 
schedule was adapted from that described by McClung Jones 
(1950). Weigert-Pal preparations were used to study the 
distribution of the myelinated fibres of the white matter, 
see Plate 19 (p.Ill ).
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3«c»ii. The histological schedules
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SCHEDULE 1
Fixation and embedding for investigating 
experimental material
1) Fix and decalcify the material with 20 ml. Zenker 
acetic for 48 hours. The Zenker acetic must be freshly 
prepared and it must be changed every 12 hours.
2) Wash the fixative out in running tap water for 48 hours.
3) Post-chrome in 10 ml. of 3% potassium dichrornate for 
2 weeks.
4) Wash in running tap water for 72 hours.
5) Dehydrate in 100% Cellosolve, employing 4 baths:
i) 100% Cellosolve - 30 mins.
ii) 100^6 " - 30 "
iii) 100% " - 1 hour,
iv) 10096 " - 1 "
6) Clear in 2 stages; the first stage employing 2 baths of 
methyl benzoate, each of 30 minutes duration, and the 
second stage using one bath of benzene for 30 minutes.
7) Impregnate with 58° wax under vacuum, using only one 
bath of 3 hours duration.
8 ) Embed in 58° wax.
9) Cut 10 micra sections.
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SCHEDULE 2
Fixation and embedding for the 
anatomical investigation
1) Fix in 20 ml. of Zenker formol (freshly prepared) for 
60 hours, changing the fixative every 12 hours.
2) Wash in running tap water for 24 hours.
3) Post-chrome in 20 ml. of 3% potassium dichromate for 
2 weeks.
4) Wash in running tap water for 48 hours.
5) Carefully dissect out the hardened spinal cord from 
the surrounding muscle and vertebrae.
6) Dehydrate in 4 baths of Cellosolve:
i) 3096 Cellosolve in water - 30 mins.
ii) 75% " " " - 30 "
iii) 100% " - 1 hour
iv) 100% " - 1 "
7) Clear in methyl benzoate using 2 baths, each of 30 
minutes duration, and then in benzene, using one bath 
of 30 minutes duration.
8) Impregnate with 58° wax, employing 2 baths, each of 
one hour duration.
9) Embed in 58° wax.
10) Cut 10 micra sections.
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SCHEDULE 3
Crossmon*s modification of 
Mallory*s trichrome stain
1 ) Remove the wax from the sections by placing the slides 
in Dcylol for 15 minutes.
2) Place the slides in absolute alcohol for 5 minutes.
3) Take the slides down through 95% alcohol to 709^  
alcohol, 5 min. in each.
4) Remove the mercuric chloride (accumulated during
Zenker fixation) by the following method:
i) Place the slides in an 0.5% solution of iodine 
in 70% alcohol for 1 minute,
ii) Place the slides in 5% sodium thiosulphate 
for 3 minutes,
iii) Place the slides in tap water for 3 minutes,
iv) Rinse the slides in distilled water.
5) Overstain the nuclei with Ehrlich’s haematoxylin for 
20 minutes.
6) Differentiate in acid alcohol.
7) * Blue * in tap water.
8 ) Rinse the slides in distilled water.
9) Stain in Mallory A for 5 minutes. This is made as
follows :
Acid fuchsin 1.0 g. Orange G o.4 g. 
Distilled water 300ml^ Glacial acetic acid 3ml 
add a crystal of thymol to prevent moulds growing
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10) Rinse the slides in distilled water.
11) Differentiate with 10% phosphomolyhdic acid to remove 
Mallory A from connective tissues.
12) Rinse the slides in distilled water.
13) Stain in Mallory B for 5 min. This is made as follows
Aniline blue 1.0 g.
Distilled water 100ml. Glacial acetic acid 1.0ml.
14) Rinse the slides in distilled water.
15) Differentiate with 95% alcohol.
16) Dehydrate in 2 baths of absolute alcohol.
17) Clear the sections with 2 baths of xylol.
18) Mount the sections in D.P.X. and add coverslip.
19) Dry at 37° C.
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SCHEDULE 4
Mallory*s eosin and methylene blue
1) Remove the wax from the sections by placing the slides 
in xylol for 15 minutes.
2) Place the slides in absolute alcohol for 5 minutes.
3) Place the slides in 95% alcohol and then in 70% alcohol,
5 minutes in each.
4) Remove the mercuric chloride (accuiaulated during 
Zenker fixation) by the following method:
i) Place the slides in an 0.5% solution of iodine 
in 70% alcohol for 1 minute,
ii) Place the slides in 5% sodium thiosulphate 
for 3 minutes,
iii) Place the slides in tap water for 3 minutes,
iv) Rinse the slides in distilled water.
5) Stain the sections with 5% aqueous eosin at 56° C . for 
20 minutes.
6) Rinse with distilled water.
7) Stain the sections for 10-15 minutes in a solution 
made up from the following stock solution:
1 part methylene blue,
1 part potassium carbonate,
100 parts distilled water.
This solution is diluted 1 part to 7 parts of distilled 
water for staining.
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8) Rinse the slides in distilled water.
9) Differentiate in 95% alcohol for 5-10 minutes.
10) Dehydrate in absolute alcohol, 2 baths.
11) Clear in 2 baths of xylol.
12) Mount in D.P.X.
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SCHEDULE 5 
The Weigert-Pal method
1) Fix in 10% formol saline for 2 weeks (200 ml. for an 
entire spinal cord cut into short lengths).
2) Mordant in 3% potassium dichromate for 2 weeks (100ml. 
for an entire spinal cord cut into short lengths).
3) Wash overnight in running tap water.
4) Dissect hardened spinal cord out from the vertebral 
column.
5) Dehydrate with ethyl alcohol and embed in Celloidin.
6) Cut sections at 25-50 micra.
7) Place individual sections in a mixture of. 0. 5^ o chromic 
acid (100 ml.) and 1% osmic acid (1ml.) for 142 hours 
(20 ml. of this solution was used for 10 sections).
8) Rinse in distilled water.
9) Stain sections with the following solution of 
Kultschitszky* s haemato^cylin for 12-24 hours:
A ripened solution of 10% haematoxylin in 
absolute alcohol 10ml.
Glacial acetic acid 1ml.
Distilled water 100ml.
10ml. of this solution was used to stain 10 sections.
10) Wash in tap water for up to 1 hour, until the colour 
ceases to come out.
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11) Place the sections in 5ml. of 0.5/6 potassium 
permanganate in water, 50 seconds.
12) Place the sections in Lustgarten* s solution:
1% Potassium sulphite in distilled water 5ml.
1% Oxalic acid in distilled water 5ml.
The two solutions are mixed prior to use. Leave 
sections in it for up to 5 minutes. The sections 
should he watched closely since the differentiation 
may proceed rapidly.
13) Rinse the sections in distilled water and replace in
potassium permanganate and then in Lustgarten* s
solution. This cycle is repeated until the grey 
matter is colourless and the white matter is 
coloured dark blue or black.
14) Rinse the sections in distilled water.
15) Place the sections for 20 minutes in a solution of
1ml. saturated aqueous lithium carbonate in 500ml. 
distilled water.
16) Dehydrate the sections 50%, 7596 and 95% alcohol and 
then in a mixture of absolute alcohol and chloroform 
(1:1 mixture); clear in cedarwood oil; mount in
Canada balsam.
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SECTION 4
THE SPINAL COED OP THE MINNOW Al'H) 
A REVIEW OP RELEVANT LITERATURE
Histological studies on the structure of the spinal 
cord of the minnow were conducted in order to assist the 
interpretation of the experimental results discussed in 
Section 5-t. (pp.127 - 197). Although the structure of the 
spinal cord of a number of teleosts has been described, 
records of such studies for Phoxinus could not be found 
in the literature. The results of histological 
investigations into the structure of the spinal cord of 
teleosts has been reviewed by Edinger (1899), Kappers, 
Huber and Crosby (1936) and Ramon-y-Cajal (1932).
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4.a. Review of histological procedure
The histological techniques employed were chosen to 
reveal such features as the distribution of the grey 
matter and of the white matter, rather than to yield 
information on the structure of the individual elements 
of the spinal cord.
The problems considered in choosing suitable 
histological methods have been discussed in Section 3.c.i. 
(pp. 65-77)• It will suffice to summarise here the overall 
techniques employed for this anatomical investigation.
Fish measuring approximately 7*0 cm. in length were 
employed for all these histological studies, as fish of 
this length were used for all the experimental work to be 
described in Section 5* Before killing the fish they were 
subjected to background reversals in order to ensure that 
only those fish giving a marked colour response to the 
test were used (see p.44).
As will be described in Section 5-h.i. (pp.127 - 135) 
histological interpretation of the experimental lesions 
was assisted by reference to transverse sections of the 
intact spinal cord at the levels studied experimentally. 
This series of transverse sections was also used in order 
to study the spinal cord in situ within the vertebral 
column (Plates 15-18, pp.107-110). For reference an 
entire intact spinal cord and vertebral column were fixed 
and decalcified with Zenker acetic, post-chromed and then 
sectioned. Schedule 1 (p.79) used for preparing the
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experimental material for histological investigation, was 
also used for preparing this in situ series of sections.
A second spinal cord was fixed in Zenker formol and 
post-chromed (Schedule 2, p.80). This method of fixation 
results in less distortion of the myelinated fibres than 
does fixation with Zenker acetic (Section 3.c.i. p.65) 
and so material fixed with Zenker formol was used for 
estimating the diameter of axons in different regions of 
the spinal cord.
In order to facilitate the penetration of the fixative 
the vertebral column of the specimen which was to be 
fixed by each method was cut into lengths with a sharp 
scalpel. The skin and the myotomal muscles of each length 
were trimmed back with a pair of fine scissors. A ridge 
of muscle was left at the anterior end of each length.
This proved helpful when orientating the in situ Zenker 
acetic material during embedding and for identifying the 
anterior end of each length of Zenker formol fixed spinal 
cord before dissecting it from the vertebrae. Each length 
was fixed in a separate labelled tube containing 20 ml. 
of the appropriate fixative.
When isolating the lengths of material before 
fixation the spinal cord and surrounding tissues were cut 
transversely at levels which were chosen so as to avoid 
damaging the vertebral levels of the spinal cord upon 
which this anatomical study is concentrated, i.e. 
vertebral levels 5-4, vertebral levels 10-11 and the 
spinal outflow vertebral levels. In the case of the 
Zenker acetic material the medulla was cut transversely 
and also the spinal cord and surrounding tissues at
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vertebrae 8, 16 and 50. The four lengths of spinal cord 
and surrounding tissues thus isolated were each 
histologically prepared and microtomed completely. In 
the case of the Zenker formol material the medulla was 
cut transversely and also the spinal cord and surrounding 
tissues at vertebral levels 8 and 16. From the two lengths 
of spinal cord and surrounding tissues thus isolated two 
lengths of spinal cord,at vertebral levels 5-4 inclusive 
and at vertebral levels 10-15 inclusive, were subsequently 
dissected and removed after post-chroming. In order to 
facilitate orientation during the embedding of these two 
lengths the anterior end of each was cut across obliquely 
during its dissection.
Both the Zenker acetic and the Zenker formol 
material were embedded in paraffin wax (Schedule 2, p.80) 
and transverse serial sections were cut at 10 micra. All 
the sections of the ribbons were mounted on appropriately 
numbered series of slides. After drying, these slides 
were stained in bulk. All of the sections of the Zenker 
formol material together with alternate slides of the 
Zenker acetic material were stained with the Mallory 
trichrome stain (Schedule 5, p.81). The remainder of the 
Zenker acetic slides were stained with Mallory's eosin 
and methylene blue (Schedule 4, p.85). After staining, all 
the sections were mounted in D.P.X. (Schedules 5 and 4).
During the microscopical examination of the Mallory 
trichrome sections the dimensions of the spinal cord, 
in situ, and of fibres fixed with Zenlcer formol, were 
measured with the aid of an eyepiece graticule calibrated 
with a micrometer slide.
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A few Celloidin sections were stained by the 
Weigert-Pal process (Schedule 5, p.85) in order to 
reveal the distribution of the myelinated nerve fibres 
(Plate 19, p.111). Paraffin sections were also cut from 
material fixed in 1096 formol-saline for 2 weeks and 
stained with the Mallory trichrome stain in order to 
display the distribution of the supporting tissues 
(Plate 20, p. 111).
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4.b. The structure of the spinal cord of the minnow 
and a comoarison with that of other teleosts
Anatomically, the spinal cord of teleosts has been 
studied extensively. Illustated accounts of the gross 
anatomy of the spinal cord of the whitefish, Leuciscus 
rutilus, of the trout, Salmo fario, and of the young 
carp, Gyprinus carpio, appear respectively in the reviews 
of Edinger (1899), Kappers, Huber and Crosby (1956) and 
Ramon-y-Caj al (1952). Other work includes accounts of the 
spinal cords of Salmo salar (Retzius 1895) and of young 
trout (Martin 1894 and van Gehuchten 1895)• For the 
purpose of this account , the descriptive nomenclature 
applied to the spinal cord of the minnow is that 
established already for the teleosts mentioned above.
This terminology is summarised in the key to Plate 14,
(p.106).
4.b.i. The cross-sectional dimensions of the spinal cord
The cross-sectional dimensions of the spinal cord at 
the spinal levels at which these investigations were 
conducted are presented in Table 2 (p.95)- Caudally to 
vertebra 5, there is a reduction in the width of the cord 
this may be associated with the spinal outflow of the 
fibres supplying the pectoral fins around this level.
The reduction in the vertical diameter between
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vertebrae 10 and 16 may be associated with the presence 
of the pelvic and dorsal fins and their innervation.
TABLE 2
The cross-sectional dimensions of the spinal cord of the 
minnow at the experimental vertebral levels (in situ)
Vertebral level
Max. Vertical
Diameter
(micra)
Max. Horizontal
Diameter
(micra)
3 653 707
10 650 560
13 608 575
16 575 555
4.b.ii. The grey matter
The grey matter of the spinal cord of the minnow can 
be identified clearly in Weigert-Pal preparations (Plate 
19, p.Ill) and Mallory trichrome preparations (Plates 
14-18, pp.106-110). The Weigert-Pal method leaves the 
grey matter unstained and thus it contrasts markedly with 
the dark staining white matter in these preparations. 
Mallory's trichrome stains the grey matter pink, in 
contrast to the predominantly orange appearance of the 
white matter. The contrast between the white matter and
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the grey matter obtained by both methods is the result of 
the distribution of myelinated fibres; myelin staining 
black in Weigert-Pal sections and yellow with Mallory's 
trichrome. The distribution of the neuron cell bodies is 
demonstrated by the haematoxylin used with the Mallory's 
trichrome preparations (Plates 14-18, pp.106-110) and 
also by the methylene blue in the Mallory's methylene 
blue and eosin preparations (Plates 21 and 25, pp.112 and 
115).
The grey matter in the minnow has the form of an 
inverted T (Plates 14-19, pp.106-111). In this respect it 
is similar to that described in the spinal cords of the 
teleosts listed on p.95. Kappers et al (1956) stated that 
this appearance is due to the fact that the teleost dorsal 
horns lie so close together that there is hardly any white 
matter between them. Although the relations of the grey 
matter forshadow conditions in 'higher' forms, the clearly 
indicated ventral horns are not so sharply defined as they 
become, phylogenetically, later.
The grey matter in minnow appears to consist largely 
of supporting tissue (Plate 20, p.Ill), i.e. ependymal 
cells which appear to be radially arranged. Retzius (1895) 
working on Salmo salar, Martin (1894) and van Gehuchten 
(1895) both working on Salmo fario demonstrated such cells 
with radiating fibres in the spinal cord of embryonic 
teleosts. Kappers et al (1956) stated that the radial 
arrangement of these cells is retained in the adult of the 
'lower' vertebrates. In the 'higher' vertebrates some of 
the radial embryonic ependyme loses its connection with
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the ventricular surface and external membrane to become 
the neuroglia.
The distribution of the neuron cell bodies in the 
minnow can be seen in Plates 21 and 25 (pp.112 and 115). 
The distribution of these cell bodies is similar to that 
described for teleosts by Edinger (1899), Kappers et al 
(1956) and Ramon-y-Caj al (1952). The pyriform cell bodies 
of the motor neorons are prominent (Plates 21 and 25, pp. 
112 and 115). The structure of these neurons and their 
ramifications have been demonstrated in Salmo salar by 
Retzius (1895) and in Salmo fario by Martin (1894) and by 
van Gehuchten (1895) with the aid of silver stains.
Edinger (1899) considered that the grey matter consists of 
a mesh of dendrites and of collaterals from the axons of 
the root cells.
Keenan (1928) described the dorsal horns of teleosts 
as rudimentary projections from a single mass of grey 
matter, the corpus commune posterius. The dorsal horns 
are almost filled by the substantia gelatinosa Rolandi 
and Keenan (1928) considered the gelatinous nature of this 
tissue to be due to a rich network of dendrites. However, 
according to Schaefer (1949) the mammalian substantia 
gelatinosa Rolandi consists of glial cells.
The substantia gelatinosa Rolandi is prominent in 
the dorsal horns of the minnow in Weigert-Pal preparations 
(Plate 19, p.Ill) and appears to be devoid of myelinated 
fibres. In this respect it resembles the substantia 
gelatinosa Rolandi of Salmo fario and of Gyprinus carpio 
as illustrated in the reviews of Kappers et al (1956) and 
Ramon-y-Gaj al (1952) respectively. In preparations stained
97
with Mallory's methylene blue and eosin, e.g. Plate 21 
(p.112) numerous small neuron cell bodies can be 
identified in the dorsal horns. Ramon-y-Cajal (1952) 
identified similar cells in the substantia gelatinosa 
Rolandi of Gyprinus carpio with the aid of a 'haematoxylin' 
stain. This worker was of the opinion that our knowledge 
of the neurons of the teleost dorsal horns, and in 
particular those of the substantia gelatinosa Rolandi, is 
not very great.
Towards the cephalic end of the spinal cord the 
dorsal horns are enlarged in relation to the diameter of 
the spinal cord. Thus the dorsal horns at vertebra 3 
(Plate 15, p.107) are relatively larger than they are at 
vertebrae 12 and 17 (Plates 17 and 18, pp.109, 110). A 
similar observation has been recorded for Salmo fario 
(Kappers et al, 1936)
4.b.iii. The white matter
Within the white matter a number of discrete areas 
can be recognised in transverse sections of the spinal 
cord of Phoxinus. These are seen best in material fixed 
with Zenker formol, post-chromed and stained with Mallory's 
trichrome (Plates 14, 22 and 23, pp.106, 112, 113). It is 
assumed that these areas represent anatomical and 
functional tracts of fibres. Each tract can be 
distinguished by the range of diameters of its axons. The 
arrangement of these tracts is similar to that described 
in Leuciscus rutilus by Edinger (1899), Salmo fario by
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Kappers et al (1936) and in Gyprinus carpio by Ramcm-y- 
Gajal.(1932) and by Berkowitz (1956).
The ventral funiculus (Edinger 1899) or medial 
longitudinal fasciculus (Berkowitz 1956) contains 
myelinated fibres with large diameters (Plate 14, p.106 
and Plate 23, p.113). Two classes of fibres can be 
identified within this ventral funiculus. These are the 
paired gigantic Mauthner fibres and accompanying them are 
many very large fibres which have been described as Müller 
fibres by Bartelmez (1915) in siluroids and cyprinoids 
and also by Graham and O'Leary (1941) in Ameiurus melos 
and A.nebulosa.
The Mauthner fibres are prominent amongst the fibres 
of the medial longitudinal fasciculus. Mauthner cells are 
found in teleosts and urodeles but Stefanelli (1951) 
stated that they are absent from the Anguillidae. In 
contrast to the Müller fibres the thick myelin sheath of 
the Mauthner fibres of the minnow is latticed by a network 
of fibrillae (Plate 26, p.116) as is the case in other 
teleosts. Graham and O'Leary (1941) quoted diameters 
ranging between 25 and 40 micra for the Mauthner fibres of 
Ameiurus melos and A.nebulosa. In Phoxinus these fibres, in 
the specimens examined, varied between 32 and 60 micra in 
diameter and were thicker at the cephalic end of the spinal 
cord than at the caudal end. The myelin sheath of these 
fibres remained relatively constant in thickness, varying 
between 5 and 6.5 micra, apparently irrespective of the 
total diameter of the axon. However, varying degrees of 
distortion caused by histological preparation, made 
accurate measurement difficult. It will be noted that the
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transverse sections shown in Plates 14- and 25 (pp.106,115) 
are unusual in possessing three Mauthner fibres. However, 
from the available histological material it was not clear 
whether this additional 'fibre' was a large collateral of 
the Mauthner axon or whether it represented a temporary 
schism of the axon.
The Millier fibres identified by Graham and O'Leary 
(194-1) in Ameiurus melos and A.nebulosus had diameters 
ranging between 11.1 micra and 22.5 micra. In the minnow 
these fibres range between 8.0 and 22.0 micra in width but 
the majority have diameters of approximately 14-.0 micra, 
the myelin sheath being 1.5-2.0 micra in thickness.
Bartelmez (1915) studied the Mauthner cells in 
cyprinoids and siluroids. The neuron cell bodies occur in 
the nucleus motorius tegmenti of the medulla oblongata. 
This worker considered that the Mauthner cells form a 
direct, highly medullated, reflex path from the internal 
ear and lateral line organs to the motor nuclei of the 
swimming muscles. Bartelmez quotes Tagliani (1905) 'the 
collaterals of Mauthner's fibres seem to be related 
chiefly to fin and tail nuclei'. In this context the 
experimental work of Parker :(1908) may be cited. The 
'squeteague' responds to a tapping of the side of a 
container by a slight leap forward. This response ceases 
in specimens in which the sagitta of the saccuius has been 
pinned back. According to Graham and O'Leary (194-1) the 
Mauthner fibres as they pass caudally give off many short 
unbranched collaterals which terminate on the primary 
motor neurons of the medulla and spinal cord.
Stefanelli (1951) stated that fibres of the medial
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longitudinal fasciculus function in swimming by controlling 
the movements of the tail. Berkowitz (1956) observed that 
in Cyprinus carpio electrical stimulation of the fibres of 
the medial longitudinal fasciculus, including Mauthner’s 
fibres, produce rapid flips of the tail therefore 
suggesting a role in rapid escape reactions rather than in 
normal locomotion. Prosser and Brown (1962) also stated 
that the Mauthner fibres mediate the rapid tail flip or 
escape reaction.
The medial longitudinal fasciculus is separated into 
dorsal and ventral areas by the accessory commissure. Van 
Gehuchten (1895) impregnated the spinal cord of young 
trout with silver chrornate and suggested that the 
accessory commissure consists of the crossing axons of the 
commissural cells. Van Gehuchten observed that the crossed 
axons bifurcate into an ascending and descending branch or 
into many fibres ramifying into the grey matter. He claimed 
that the accessory commissure also contains decussating 
collaterals, arising from axons of the ventral white 
matter, and terminating in the contralateral ventral horn. 
Happens et al (1956) considered that dendrites of 
commissural cells pass the full breadth of the cord to 
the contralateral side via the posterior commissure and 
accessory commissure. In Phoxinus the fibres of the 
accessory commissure are myelinated, the sheaths staining 
yellow with Mallory’s trichrome. Van Gehuchten (1895) 
compared the teleost accessory commissure with the 
anterior commissure of the grey matter of the mammalian 
spinal cord.
The fibres of the lateral funiculus (Edinger, 1899)
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shoivn in Plate 22 (p. 112) vary in size between 2.0 and 
24.0 micra. The mean diameter is 10.0 micra and a distinct 
tract of the larger fibres can be recognised within this 
area. The fibres of the dorsal funiculus (Edinger, 1899) 
shoT-m in Plate 14 (p.106) and of the dorsal area of the 
lateral funiculus vary in diameter between less than 2.0 
micra and 10 micra. Small myelinated fibres with 
diameters less than 5 micra predominate in this region 
around the dorsal horns of the grey matter. However these 
finer dorsal fibres are less abundant caudally (compare 
Plates 15 and 18, pp.10? and 110).
The teleost spinal cord has been the subject of 
neurophysiological investigations conducted by a number 
of workers. Graham and O'Leary (1941) recorded impulses 
from the spinal cords of Ameiurus melos and A.nebulosus 
in response to stimulation of the medulla. These impulses 
travel at 50/60 metres per second at 10-15° 0. and these 
workers considered them to be conducted by the axons of 
the Mauthner and Müller cells.
Tasalci, Hagiwara and Watanabe (1954) recorded 
intracellularly from Mauthner cells of Parasilurus sp. 
vfben these cells were stimulated antidromically they were 
observed to conduct at 80 metres per second at 23° C.
This agrees with Graham and O'Leary's observations since 
these authors allowed for a of 1.5-1*9* Spikes and 
slow components were also observed, the spikes being 
considered to be responses of the cell body whilst the 
slow components were considered to be the responses of 
the dendrites.
Berkowitz (1956) stimulated electrically the spinal
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cord of spinal carp, Cyprinus carpio, and recorded the 
impulses on an oscilloscope. Stimulation after performing 
partial spinal lesions enabled Berkowitz to identify and 
localise three groups of fibres: Group 1 fibres conduct 
at 38-63 metres per second. These are the fibres of the 
medial longitudinal fasciculus and include Mauthner's 
fibres. Stimulation results in a tail flip. Group 2 
fibres conduct at 20-40 metres per second. These are 
considered to be the ipsilateral and contralateral 
tactile fibres of the dorsal columns. Group 3 fibres 
conduct at 18-20 metres per second. These are the ventro­
lateral descending columns which are considered to 
synapse with the ventral horn cells to supply the 
ipsilateral body and fin musculature.
If the assumption concerning the tactile function of 
the Group 2 fibres is correct the spinal location of the 
tactile fibres is similar to that of mammals in being 
situated in the dorsal columns.
4.b.iv. The meninges of the spinal cord
Kappers (1926) concluded that the meninges of‘lower^ 
vertebrates are different from those of mammals including 
man. Kappers based this conclusion on his work on the 
teleosts Girordinus sp. and Lophius piscatorius and on the 
studies of Sagemehl (1884) and Sterzi (1901) who stated 
that only one meninx, the meninx primitiva, exists in 
fishes and he considered this to represent the origin of
103
the dura, arachnoid and pia mater of 'higher' vertebrates. 
Such a meninx primitiva was identified by Kappers in the 
small teleost Girordinus but in the larger Lophius 
piscatorius he identified, in addition, a fibrous 
differentiating dura mater similar to that observed in 
early human embryos.
In Phoxinus a single meninx, which stains blue with 
aniline blue, can be identified (Plate 2?, p.117). This 
would appear to correspond to the meninx primitiva and 
like that described by Kappers, the meninx primitiva of 
Phoxinus does not possess septa projecting into the spinal 
cord.
Underlying the meninx primitiva of the minnow is a 
layer which stains pink with Mallory's trichrome. This 
layer appears to be continuous with the ependymal cells 
and presumably represents the superficial glial layer 
observed by Kappers.
A tissue, which appears to be coarse and vacuolated 
in paraffin sections, lies peripherally to the meninx 
primitiva (Plate 16, p.108). This tissue was described by 
Sagemehl (1884), by Sterzi (1901) and by Kappers (1926) as 
the perimeningeal tissue. Both Sagemehl and Sterzi 
observed that this is an adipose layer in teleosts. Kappers 
considered that this layer represents a shock-absorbant 
substance confined in a movable enclosure between the 
spinal cord and the vertebrae.
Melanophores occur in close proximity to the meninx 
primitiva but are largely confined to the lateral and 
dorsolateral spinal surfaces (Plate 28, p.117).
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4.b.V. Photomicrographs of transverse sections 
of the spinal cord of the minnow
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Key to Plate 14
Suininary of the nomenclature used by 
van Gehuchten (1895), Edinger (1899), Bartelmez 
(1915), Keenan (1928), Kappers et al (1936), 
Graham and O'Leary (1941), Ramc^n-y-Gajal (1952) 
and Berkowitz (1956).
a. Substantia gelatinosa Rolandi (Keenan).
b. Central canal (Kappers et al).
c. Dorsomedial motor cells (Kappers et al).
d. Ventrolateral motor cells (Kappers et al)
e. Accessory commissure (Pamon-y-Cajal); 
Ventral commissure (Edinger).
f. Ventral funiculus (Edinger);
Medial longitudinal fasciculus
(Berkowitz);
Müller's fibres (Bartelmez, Graham and 
O'Leary).
g. Lateral funiculus (Edinger).
h. Dorsal funiculus (Edinger).
i. Mauthner fibres (Edinger, Kappers et al,
Ramon-y-Cajal). 
j. Ventrolateral columns (Berkowitz). 
k. Position of posterior commissure 
(van Gehuchten).
106
PLATE 14
Transverse section of the spinal cord at vertebra 4 (x 170)
Fixation: Zenlœr formol - 60 hrs ;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
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PLA.TE 14-
_j
Transverse section of the spinal cord at vertebra 4 (x 170)
Fixation: Zenlœr formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
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PLATE 15
1
i
i i
Transverse section of the spinal cord at vertebra 3
(x 133)
Fixation: Zenker acetic - 48 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
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PLATE 16
Transverse section of the spinal cord at vertebra 10
(x 133)
Fixation: Zenker acetic - 48 hrs;
post-chrome - 2 weeks.
Stain: Mallory* s trichrome.
a = The space occupied by the perimeningeal tissue 
b = The meninx primitiva.
c - The vertebra surrounding the spinal cord, 
d = A section through a dorsal root ganglion.
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PLATE 16
Transverse section of the spinal cord at vertebra 10
(x 133)
Fixation: Zenker acetic - 48 hrs;
post-chrome - 2 weeks.
Stain: Mallory* s trichrome.
a = The space occupied by the perimeningeal tissue 
b = The meninx primitiva.
c = The vertebra surrounding the spinal cord, 
d = A section through a dorsal root ganglion.
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PLATE 17
f
Transverse section of the spinal cord at vertebra 12
(x 135)
Fixation: Zenker acetic - 48 hrs;
post-chrome - 2 weeks.
Stain: Mallory*s trichrome.
110
PLATE 18
sI
¥
Transverse section of the spinal cord at vertebra 17
(x 135)
Fixation: Zenker acetic - 48 hrs;
post-chrome - 2 weeks.
Stain: Mallory's trichrome.
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PLATE 19
Transverse section of the 
spinal cord at vertebra 12 
(x 80)
Weigert-Pal preparation 
demonstrating the distribution 
of the myelinated fibres.
Key
a = Substantia gelatinosa 
Rolandi.
PLATE 20 
Transverse section of the 
spinal cord at vertebra 4; 
the supporting tissues 
(x 80)
Fixation: 10% formol saline
- 2 weeks;
Stain: Mallory's trichrome.
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PLATE 19
Transverse section of the 
spinal cord at vertebra 12 
(x 80)
Weigert-Pal preparation 
demonstrating the distribution 
of the myelinated fibres.
Eêi
a = Substantia gelatinosa 
Rolandi.
PLATE 20 
Transverse section of the 
spinal cord at vertebra 4: 
the supporting tissues 
(x 80)
Fixation: 10% formol saline
- 2 weeks ;
Stain: Mallory's trichrome.
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PLATE 21
Transverse section of the spinal 
cord: the distribution of 
neuron cell bodies (x 80) 
Fixation: Zenker formol - 24 hrs 
Stain: Mallory's eosin and
methylene blue.
PLATE 22 
Transverse section of the 
lateral funiculus 
(Edinger, 1899) 
at vertebra 13 (x 2?0) 
Fixation: Zenker formol 
- 60 hrs; 
post-chrome - 2 weeks 
Stain: Mallory's trichrome
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PLATE 23
Transverse section of the ventromedial area 
of the spinal cord at vertebra 13 showing 
the ventral funiculus (Edinger^ 1899) or 
medial longitudinal fasciculus (Berkowitz, 1956) (x 270)
Fixation: Zenker formol 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory * s trichrome.
a = Mauthner fibre. 
b = Müller*s fibres.
0 = Accessory commissure.
113
PLATE 23
Transverse section of the ventromedial area 
of the soinal cord at vertebra 1$ showing 
the ventral funiculus (Edinger^ 1899) or 
medial longitudinal fasciculus (Berkowitz, 1956) (x 270)
Fixation: Zenker formol 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory's trichrome.
lÊZ
a = Mauthner fibre. 
b = Müller*s fibres, 
c = Accessory commissure.
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PIATE 24
Transverse section of the spinal cord demonstrating 
the dorsal commissure (x 1250)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory's trichrome.
a = Fibres of the dorsal commissure 
b = The central canal, 
c = Neuron cell bodies.
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PLATE 24
Transverse section of the spinal cord demonstrating 
the dorsal commissure (x 1230)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory's trichrome.
a = Fibres of the dorsal commissure, 
b = The central canal, 
c = Neuron cell bodies.
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PLATE 25
Trajisverse section of the sinistral ventral horn 
demonstrating the distribution of the cell bodies 
of the motor neurons at vertebra 4- (x 2?0)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's eosin and 
methylene blue.
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PLATE 26
Transverse section of a Mauthner fibre (x 1250)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory’s trichrome.
a = axoplasm.
b = myelin sheath.
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PLATE 26
Transverse section of a Mauthner fibre (x 1230)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks.
Stain: Mallory’s trichrome.
Key
a = axoplasm.
b = myelin sheath.
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ELâTB 27
A section of the meninx primltiva
(x 1250)
Fixation: Zenker formol - 60 brs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
Key
a = The meninx primitiva. 
b = The superficial glial cells, 
c = A projection of the
superficial glial cells.
PLATE 28 
Melanophores situated on the 
meninx primitiva (x $00)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
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PLATE 27
A section of the meninx primitiva
(x 1250)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
Key
a = The meninx primitiva. 
b = The superficial glial cells, 
c = A projection of the
superficial glial cells.
PLATE 28 
Melanophores situated on the 
meninx primitiva (x 300)
Fixation: Zenker formol - 60 hrs;
post-chrome - 2 weeks. 
Stain: Mallory's trichrome.
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SECTION 5
GTIE lESIOIl T&XPIÏRIITSNTS IPEItPOin-IEI) lOPON TB2G S3PHUII, COIID
5.a. The effects of complete spinal lesions on the colour
change of the minnow
From the effects of spinal and sympathetic sections 
placed at different spinal levels von Frisch (1911) 
concluded that the pigmento-motor fibres emerge from the 
spinal cord around the region of the fifteenth vertebra. 
Spinal sections placed cephalically to this region 
eliminated the colour response, whilst spinal sections 
placed caudally to this region left the colour response 
unaffected.
Von Frisch's observations were made on minnows 
obtained from central Europe. The purpose of the 
experiments described in this section was to repeat von 
Frisch's observations on fish obtained from the River Lee, 
i.e. on fish obtained from the same source as those used 
for the experiments described later in Section $.b. of 
this thesis.
9.a.i. Synopsis of the experimental procedure 
Minnows were selected from a stock tank and an
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estimate of their length was made with a ruler. The fish 
selected for this experiment were approximately 7 cm. in 
length. The fish were then subjected to background 
reversals and specimens which did not give a marked 
response to this test were rejected, being considered as 
diseased (p.4-4) .
After rejection of any 'abnormal' specimens the fish 
were again subjected to background reversals. These 
represented a control and careful observations were made 
on the lateral and dorsolateral surfaces after 1 minute 
and 3 minutes exposure to white and to black backgrounds 
(Section 3.b.i., pp.4-3-45).
On completion of the control observations the fish 
were anaesthetised for 10 to 15 minutes in 250 ml. of 0.5L 
urethane contained in a one litre beaker. The anaesthetised 
fish were operated upon by means of the technique 
described in Section 3*b.ii. (pp.46-50) at spinal levels 
estimated by means of the method described in Section 
3.b.iv. (pp.57-63). The type of blade produced by formula 
3 (Table 1, p.56) was used to place complete lesions in 
the spinal cord after removal of a length of the neural 
arch by means of a pair of fine watchmaker’s forceps. The 
spinal operation consisted of removing a short length of 
thé spinal"cord lying between two cuts. Such large spinal 
lesions were therefore clearly visible under the 
binocular microscope used for performing the operation 
and there was therefore no need to check the extent of the 
lesion histologically on completion of the experiment.
After sewing up the wound,each fish was allowed to 
recover from the operation in a beaker containing tapwater
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and placed on a black background. The fish were suspended 
from a thread sewn through the base of the dorsal fin as 
described by Healey (1948). This ensured that the fish 
were maintained in an erect position and that they thus 
received similar optic stimuli during both the control 
and the post-operational observations. Tuge and Hanzawa 
(1935) demonstrated that section of the spinal cord 
towards its cephalic end in Qryzias latipes, Garassius 
auratus and Cyprinus carpio results in the loss of 
posture maintenance. This also occurs in the minnow after 
complete section of the anterior end of the spinal cord.
After at least 40 minutes recovery time (Section 3#b.v. 
pp.63-64) the fish were subjected to background reversal 
tests in order to determine the effect of the spinal 
section on the colour responses of the fish. The results of 
these observations are summarised in Table 3 (p.124).
On completion of these observations the fish were 
killed by crushing the brain with forceps and then 
skeletoned in boiling water. The level of each spinal 
section was then checked quite easily by means of the 
method described in Section 3*b.iv. (pp.57-63)* The 
results of this final check are also tabulated in Table 3 
(p.124).
Ho attempt was made to control the temperature 
during the experiments. The temperature varied between 
16° C and 13° C which approximated to room temperature at 
the time of the experiments. All the observations were 
made under the illumination of a 40 watt tungsten lamp 
placed approximately 18” above the fish.
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5.a.ii. The effects of complete spinal lesions
The effects of the spinal sections and their location 
are summarised in Table 3 (p.124). The series of spinal 
sections produced three categories of results: i) spinal 
sections which left the colour response unaffected; 
ii) spinal sections which had a partial effect on the 
colour change and iii) spinal sections which completely- 
eliminated the colour response to background reversal. As 
can be seen from Table 3 there is also a direct 
correlation between the type of effect produced by a 
spinal section and the spinal level at which it was placed.
Spinal sections which left the colour response 
unaffected, in specimens 7 to 12 (Table 3) were made at 
vertebra 15 or posterior to this level. Apart from 
localised darkening in the vicinity of the wound the 
paling of these fish in response to a white background was 
unaffected as also was the darkening in response to a 
black background. The spinal outflow of the pigmento- 
motor fibres therefore lies anterior to vertebra 15- A 
point worth considering with this group of results is the 
fact that the pattern of colour response after 1 minute 
and 3 minutes was the same as in the control observations. 
Thus there did not appear to be any spinal shock, affecting 
the colour change in any way, resulting from operations 
which did not involve the length of the spinal cord 
containing the pigmento-motor fibres.
Specimens 1, 2 and 3 (Table 3) yielded results 
similar to those obtained by von Frisch (1911). Spinal
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sections at vertebra 8 and 10 in these specimens resulted 
in the complete elimination of the nervous control of the 
melanophores. These three fish remained quite dark as a 
result of the operation and did not show any signs of 
paling in response to a white background.
Specimens 4, 5 and 6 (Table 3) provided interesting 
results. In these fish the lesions were placed around the 
point of outflow of the pigmento-motor fibres and in all 
cases the colour response was partly affected. This partial 
effect can be described as a mottleo pattern which 
appeared when the fish was placed on a white background. 
This pattern was distributed more or less uniformly over 
the lateral and dorsolateral surfaces of the fish and"was 
similar ito that obtained in some of the partial lesion 
experiments which will be described in Section 3.b. This 
mottled pattern was least pronounced in specimen 6 and 
most pronounced in specimen 4. The prominence of the 
mottled pattern is correlated with the levels of the spinal 
sections in these three specimens.
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TABLE 3
The effects of complete spinal lesions on the 
colour change of the minnow
Sp Effect on colour change 
U P E
Spinal level of section
1 4- 8
2 + 8
5 4- 10
4 4- 12-13
5 4- 15
6 4- 14
7 4- 15
8 4- 15
9 4- 15
10 4- 18-19
11 4- 19-20
12 4- 20
U
P
E
Ke2
Sp = Specimen number.
Colour response unaffected by lesion.
» ” partly affected by lesion
” ” eliminated by lesion.
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5.a.iii. Conclusions and discussion
From these results it would seem as if the pigmento- 
motor fibres emerge from the spinal cord between 
vertebrae 12 and 14. These levels are somewhat anterior to 
the level, vertebra 15, suggested by von Frisch (1911) for 
his specimens from Munich. VÆien considering the effect of 
partial lesions in Section 5«b. this difference shown by 
River Lee specimens is of considerable importance.
Von Frisch considered that the critical point lay in 
the region of the fifteenth vertebra and was distributed 
over 2-3 vertebrae. However he also thought that the 
pigmento-motor spinal outflow in his specimens could be 
distributed around a level lying one or two vertebrae 
cephalic or caudal to vertebra 15.
Von Frisch (1911) indicated diagramatically that the 
pigmento-motor fibres distributed to the skin of the 
anterior half of the fish leave the spinal cord 
cephalically to the fibres supplying the skin of the 
posterior half of the fish. Such an outflow sequence would 
imply that a differential effect upon the colour responses 
of the anterior and posterior halves of the fish should 
result from spinal section of the posterior outflow level. 
However such results were not observed in the River Lee 
specimens and spinal sections at vertebrae 13-14 resulted 
in a mottled pattern uniformly distributed over both the 
anterior and posterior dorsolateral surfaces of the fish. 
It is therefore concluded that the pigmento-motor fibres 
are distributed both anteriorly and posteriorly by the
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sympathetic chain from each of their spinal outflow 
levels.
The pigmento-motor fibres appear to emerge from the 
spinal cord between the spinal levels 12 and 14 inclusive. 
Fibres emerging at each of these levels are distributed 
uniformly to all areas of the skin. A series of spinal 
sections progressing anteriorly in 3 specimens between 
vertebrae 14 and 12 resulted in a progressively prominent 
mottled pattern in response to a white background. Spinal 
sections which eliminated the nervous control of the 
colour change were those placed anterior to vertebra 12. 
Spinal lesions which did not affect the colour change were 
made at vertebra 15 or at levels caudal to this. 
Furthermore, this last group of spinal lesions, which did 
not eliminate the colour response also did not result in 
any observable shock reaction in the nature of the colour 
response observed during three minute background reversal 
tests.
The discrepancies which exist between these 
observations and those made by von Frisch (1911) may 
perhaps be attributed to the different sources of the tv/o 
experimental groups of fish. Differences in some of the 
colour responses have been described by Healey (1940) for 
minnows from different sources. Healey has observed that 
minnovfs from Vienna exhibit non-visual responses but those 
from Munich exhibit, at best, only a poor non-visual 
response. Such variations do not seem extraordinary in 
view of the degree of subspeciation encountered amongst 
other freshwater teleosts such as trout.
127
5.b. The experimental determination of the effects of 
partial spinal lesions on the colour change of the minnow.
Von Frisch (1911) concluded that the spinal pigmento- 
motor fibres run down the spinal cord from the medulla to 
their point of outflow into the sympathetic chain around 
vertebra 1$. The experiments described in this section are 
concerned with the determination of the location of these 
pigmento-motor fibres within the spinal cord itself and 
also with the effect of damaging these fibre tracts.
Spinal lesions, of varying sizes, were placed 
ventrally, dorsally and laterally at different spinal 
levels. Studies were made at spinal levels 3-4 and at 
spinal levels 10-11. Thus two groups of results were 
obtained from groups of lesions which were separated by a 
considerable length of the spinal pigmento-motor tracts. 
Additional experiments were also performed around the 
point of outflow in order to determine the spinal 
distribution of the fibres at these outflow levels.
3.b.i. Synopsis of the experimental procedure
The experimental procedure may be summarised as 
follows. Minnows, approximately 7 cm. in length, were 
selected from the stock tank and subjected to 3 minute 
background reversal tests. Any fish which did not give a 
marked response to this test were rejected (see p.44). The
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fish were then subjected to control observations which 
.consisted of more critical background reversal tests and 
the observations made after 1 minute and 5 minutes were 
recorded (Section p.b.i., pp.43-45).
Each fish was next anaesthetised for 10-15 minutes in 
250 ml. of 0.5% urethane contained in a one litre bealcer. 
The spinal lesions were then made by means of the 
operating technique described in Section 3.b.ii. (pp.46- 
50). In placing these partial lesions it was essential to 
minimise damage to the spinal cord while exposing it 
during removal of a section of the neural arch. This 
manoeuvre was performed with a pair of fine watchmaker’s 
forceps and a fine chisel produced by formula 2 (Table 1, 
p.56).
The spinal lesions were made with the small blades 
produced as described in Section 3.b.iii. (pp.51-56). A 
blade ground by formula 3 (Table 1, p.56) was used for the 
dorsal and ventral lesions. Very small dorsal lesions 
could be made by using the tip of such a blade. The blade 
ground by formula 4 (Table 1, p.56) was used for the 
lateral lesions. The angle of the blade enabled it to be 
inserted dorsolaterally into the spinal cord. This 
approach facilitated the estimation of the extent of such 
a lateral lesion during the incision of the blade into the 
spinal cord.
The glass holders for the blades (p.54) were bent 
over in a Bunsen flame in order to enable each type of 
blade to be held at the angle best suited for placing each 
of the three types of lesions. Before placing the ventral 
lesions it was essential to remove as much as possible of
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the ventral part of the neural arch otherwise a bony 
’flange' on the centrum tended to deflect the blade and 
so cause it to cut obliquely. On cutting some of the 
dorsal lesions the damaged nervous tissue tended to swell, 
and in such specimens the dorsal area involved was 
observed to bulge outwards. This was taken into account 
during the histological examination of the lesions.
Each fish was allowed to recover in approximately 
300 ml. of tapwater contained in a one litre beaker. The 
fish were left on this background to recover from the 
anaesthetic for a period of at least 40 minutes (Section 
3.b.v. pp.63-64). The fish were then subjected to 
background reversals. The colour of the fish on white and 
on black backgrounds was recorded after an exposure of 1 
minute and 3 minutes (Section 3*b.i. pp.43-45). A careful 
examination of the pattern on the dorsolateral and lateral 
surfaces was made in addition to the overall colour 
response (Section 3.b.i. pp.43-45). Comparison with the 
control observations revealed whether or not the colour 
response had been affected in any way.
In most cases the fish were able to maintain an erect 
posture after recovery from the anaesthetic. However, this 
postural maintenance was affected by some of the lesions 
cut towards the cephalic end of the spinal cord and such 
fish tended to lie on one side. Fish affected in this way 
were anaesthetised again and were suspended by a cotton 
thread sewn through the base of the dorsal fin as 
described on p.88. This ensured that these fish received 
similar optic stimuli during the control and the post- 
operational observations.
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In the case of the fish in which the colour responses 
were affected by the lesions the background reversal tests 
were repeated a number of times in order to determine the 
precise nature of the effect.
No attempt was made to control the water temperature 
during the control and the post-operational observations. 
The temperature of the water in the beaker was recorded 
for each set of results. This temperature approximated to 
the room temperature at the time of the experiment, the 
temperature range being between 16° C and 20° C for the 
series of experiments. All the observations were made 
under the illumination of a 4-0 watt tungsten lamp placed 
approximately 18” above the fish.
On completion of the post-operational observations 
the fish were killed by quickly crushing the brain with a 
pair of forceps. The length of the dorsal part of the 
body incorporating the site of the operation was carefully 
removed as a block of tissue from the dead fish. This 
block was then prepared for histological examination by 
the method employed for preparing the Zenker acetic 
material, described in Section 4-.a. (pp.90-92). As stated 
on p.66 it was necessary to provide adequate support and 
protection around each spinal lesion during its 
histological preparation. This was provided by leaving a 
surrounding layer of myotomal muscle. As described in 
Section 4-.a. (pp.90-92) these muscles were trimmed back 
in a manner which facilitated the correct orientation of 
the material during paraffin embedding. The isolated 
block of tissue was prepared for histological examination 
in accordance with Schedule 1 (p.79)#
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During the trimming of each wax block care was taken 
with the orientation of the block to minimise the risk of 
cutting oblique sections. Longitudinal sections were cut 
at 10 micra, the ribbon always being initiated from the 
dextral side of the block. Longitudinal sections were 
found to be superior to transverse sections since the 
extent of a spinal lesion was found to be more clearly 
demarcated in such sections. Only those sections which cut 
through the spinal cord were selected from the ribbon and 
mounted. Such sections could be identified easily by eye 
from the rest of the sections which cut through the 
extraneous musculature.
The sections were mounted on 3” x 1" slides and 2 or 
3 lengths of ribbon, each containing 8 sections, were 
accommodated on a slide. Usually 3 or 6 slides were 
required in order to mount all the sections covering the 
entire width of the spinal cord of each specimen. A 
standard procedure was employed for mounting the sections 
so that their examination could be started from the 
dextral side of the spinal cord and continued to the 
sinistral side when working through a series of slides.
After drying off the slides the sections were stained 
in bulk with the Mallory trichrome stain (Schedule 3, p.81- 
82). The sections were mounted in D.P.X. and covered by 
1” X  2” coverslips.
Before the histological examination the spinal level 
of each lesion was ascertained from the following two 
stage procedure: i) after the removal for fixation of the 
’experimental region’ of the fish (p.98) the vertebral 
column cephalic to the ’gap’ was skeletoned (Section
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5.b.iv., pp.57-65) and a vertebral count was made,
ii) Before the histological examination of each lesion the 
longitudinal sections of the ’experimental region’ were 
examined in order to estimate the vertebral level of the 
lesion relative to the anterior ’ridged’ end of the block. 
The vertical sections through the vertebrae provided this 
information. The spinal level was then merely a summation 
of the two estimates.
The longitudinal sections were next exarained in order 
to estimate the extent of each lesion. In order to 
facilitate the interpretation and communication of this 
information the estimation was transposed from the 
longitudinal sections to a previously prepared transverse 
plan of the appropriate level of the spinal cord. Thus the 
longitudinal sections through the lesion in specimen 1, 
illustrated by Plate 29 (p.155) are represented in 
transverse section in Plate 55 (p.141).
Transverse plans of the spinal cord were prepared 
upon centimetre squared graph paper. The outline of the 
spinal cord at the appropriate vertebral level was drawn 
from the Zenker acetic in situ set of serial transverse 
sections described in Section 4 (pp.88-117). A microscope 
eyepiece graticule was employed to ensure that this 
outline was proportioned correctly.
The approximate vertical and horizontal dimensions of 
the transverse plan for a specific set of longitudinal 
sections were estimated from a preliminary examination of 
that set of sections. The dimensions of the transverse plan 
were thus scaled on the basis of the following information:
i) the longitudinal sections were microtomed at 10 micra;
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ii) the extent of the white matter and of the grey matter 
provided a useful guide which was supplemented by the 
diameters of the axons of the different areas of the white 
matter; iii) an estimate of the vertical dimensions of the 
sections which was made by means of the eyepiece graticule
This preliminary survey also revealed whether or not 
the longitudinal sections were ’true’ vertical sections.
In some specimens the sections had been cut so obliquely 
that a correction had to be allowed for this when 
transposing the information onto the transverse plan.
The serial longitudinal sections were examined again, 
this time critically, each sequence starting again from 
the dextral side of the spinal cord. As the sections were 
examined the extent of the lesion was estimated and 
represented upon the appropriate vertical plans of the 
graph paper. This transposition was facilitated by 
reference to the serial set of transverse sections 
described in Section 4. The three items of information 
which had provided the basis for scaling the dimensions of 
the transverse plan again proved invaluable during 
transposition. Thus a graphic approximation of the extent 
of each lesion which could be communicated was finally 
established.
For each lesion three conditions of the tissues were 
recognised:: i) an area which appeared to be undamaged, 
although, in some cases it was slightly displaced;
ii) an area which had been destroyed by the blade ;
iii) an area which had been damaged and/or grossly 
displaced by the blade. It was impossible to assess the 
extent of the destruction within this final area and its
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distribution was therefore plotted independently of the 
area of destruction.
In specimen 5 (Plate 30, p.135) parasites were found 
in the dorsal region of some of the longitudinal sections 
Such parasites were found in a number of the specimens 
(p.44) and in such cases their distribution is indicated 
in the transverse plans.
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PLATE 29 
Specimen 1: saggital 
section of the spinal 
lesion (x 60) 
Fixation: Zenker acetic- 
48 hrs; post-chrome- 
2 weeks.
Stain: Mallory’s 
trichrome.
PLATE 30 
Specimen 3: saggital 
section of the spinal 
lesion (x 60) 
Fixation: Zenker acetic- 
48 hrs; post-chrome- 
2 weeks.
Stain: Mallory’s 
trichrome.
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3.1).ii. The effects of partial lesions 'placed at vertebrae
3-4 and at vertebrae 10-11
The effects upon the colour responses resulting from 
the lesions at these two groups of spinal levels are 
summarised in Tables 4 to 8 inclusive (pp.145, 161-165).
The results of the histological examination of these 
lesions are shoim, transposed onto the series of transverse 
plans represented by Plates 33 to 35 (pp.141-143) and 
Plates 37 to 46 (pp.147-158). Tables 4 to 7 also 
incorporate an analysis of the extent of the lesions as 
determined from the transverse plans.
Sectored transverse plans of the spinal cord (Plates 
36, p.144 and 47, p.160) were employed in order to assess 
the extent of the lesions and to facilitate the analysis 
of the results. Each transverse outline of the 
appropriate level of the spinal cord is sub-divided into 
nine sectors. This division is arbitrary and is based upon 
three equal sub-divisions of the maximum horizontal and 
vertical diameters of the outline. The extent of the 
lesions was represented on the graph paper transverse 
plans (Section 5.b.i., pp.132-4) and the degree of 
destruction and of damage within each sector has been 
recorded as a percentage of the total area of that sector 
in Tables 4-7.
The physiological effects of the lesions can be seen 
to fall into three broad categories: i) fish in which the 
colour response is unaffected; ii) fish in which the 
colour response is eliminated; iii) fish in which the
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colour response is partly affected.
A fish was considered to be unaffected if its post- 
operational response to background reversal was the same 
as that recorded for the pre-operational control 
observation. The post-operational responses of such fish 
differed from the pre-operational responses only in that 
a localised darkened area persisted around the vicinity of 
the incision during paling. On the other hand, when the 
neurally controlled colour response was eliminated, the 
fish remained quite dark when subjected to a three minute 
exposure to a white background. This response is similar 
to that produced by elimination of nervous control of the 
melanophores by completely sectioning the spinal cord
(p.123).
The third category, that is, those fish in which the 
colour response was partially affected, did not provide 
such decisive results as the other two groups. Although 
pigmento-motor control was affected by the lesions these 
fish did show a marked colour response to background 
reversals. They paled appreciably after three minutes 
exposure to a white background. However, the degree of 
paling varied considerably amongst these specimens. The 
range of these partial effects is reviewed in Table 8 
(p.164).
The partly affected fish did not pale uniformly over 
the dorsolateral surfaces; instead, the response was 
uneven. This resulted in the formation of a pronounced 
mottled pattern in many specimens and in the persistence 
of prominent dark lateral stripes in all the specimens.
The lateral stripes appeared to correspond with the
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distribution of the slowly paling lateral macromelanophore 
areas of the control observations (p.4-3).
The mottled pattern produced on the dorsolateral 
caudal surfaces of specimen 29 is shown in Plate 32 
(p.139). Plate 31 (p.139) is a photograph of the dorso­
lateral caudal surface of a control fish taken under 
similar conditions of illumination. Both the experimental 
specimen and the control specimen were photographed after 
three minutes exposure to a white background.
As can be observed in Plate 32, the mottled pattern 
is more or less uniformly distributed over the dorso­
lateral surface of the fish. This pattern was similarly 
distributed in all the fish which became mottled in 
response to a white background. Such a bilaterally 
distributed mottled pattern also resulted from lateral 
lesions; a unilateral colour response was never observed 
in any of these specimens.
The specimens which paled partially all darkened to 
a more or less uniform dark colour after three minutes 
exposure to a black background. Prominent mottled 
dorsolateral surfaces were not observed in darkened fish 
in the case of those specimens operated on at vertebrae 
3-4- or at vertebrae 10-11.
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PLATE 51
The dorsolateral caudal surfaces of a control 
specimen after 3 minutes exposure to a white background
PLATE 32
The dorsolateral caudal surfaces of specimen 29 
(see Plate 41, p.131 and Table 3, p.161) after 3 minutes 
exposure to a white background.
(n.b. both fish photographed under similar illumination)
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PLATES 33-33 (pp.141-143)
Diagrarniaatic representation of 
the results of the histological examination of the 
experimental lesions placed at vertebrae 3 and 4
i) The number placed above each diagram 
represents the specimen number.
ii) Cross-hatched shading represents 
the area of destruction.
iii) Stippled shading represents the 
damaged area.
iv) Vertical bar shading represents 
the parasitised area.
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PLATE 33
142
7 8
(
PIATB 34
143
10
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PLAIE 36
Sectored transverse lolan of the spinal 
cord at vertebrae 3-4
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TABLE 4
The extent and effect of spinal lesions 
placed at vertebrae 5-4: 
specimens 1 to 12
The extent of the 
percentage of each
lesions as a 
sectorial area Effect of 
on colour
lesion
changeSectors of spinal cord
Sp. 1 2 3 4 5 6 7 8 9 U P S
1 0 0 0 90 70 50 100 100 100 -h
5 90 10 0 100 80 30 100 100 40 +
2 100 30 0 100 90 30 100 100 100 +
4 100 $0 0 100 100 40 80 10 0 +
5 100 50 0 100 100 50 100 90 100 +
11 80 30 0 100 100 70 100 30 10 +
12 100 50 0 100 40 0 80 0 0 4-
8 100 80 60 50 0 0 0 0 0 +
9 0 90 100 0 60 100 10 90 100 4-
10 50 100 100 0 60 100 0 0 80 4-
7 100 100 100 0 0 40 0 0 0 -l-
6 100 100 70 0 0 0 0 0 0 4-
U
P
E
Key
Sp. = Specimen number.
Colour response unaffected by lesion.
" " partly affected by lesion.
” " eliminated by lesion.
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PLATES 37-41 (-pp. 147-151)
Diagraimnatic representation of 
the results of the histological examination of the 
experimental lesions placed at vertebra 10
Key
i) The number placed above each diagram 
represents the specimen number.
ii) Cross-hatched shading represents 
the area of destruction.
iii) Stippled shading represents the 
damaged area.
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PLAIES 42 and 43 (pp.155-154)
Diagraïamatic representation of 
the results of the histological examination of the 
experimental lesions placed between vertebrae 10 and 11
i) The nnmher placed above each diagram 
represents the specimen number.
ii) Cross-hatched shading represents 
the area of destruction.
iii) Stippled shading represents the 
damaged area.
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PLATE 42
15^
35 36
37
PLATE 43
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PLAIES 44-46
Diagrammatic representation of 
the results of the histological examination of the 
enqperimental lesions placed at vertebra 11
KeZ
i) The n'um'ber placed above each diagram 
represents the specimen number.
ii) Cross-hatched shading represents 
the area of destruction.
iii) Stippled shading represents the 
damaged area.
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PLATE 47 and TABLES 5-8
The results of the histological examination 
of lesions placed at vertebrae 10-11 and the 
effects of these lesions on the colour changes
150
PLATE 4-7
Sectored transverse plan of the spinal cord
at vertebrae 10-11
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TABLE 3
The extent and effect of spinal lesions placed 
at vertebra 10; specimens 13 to 30
Sp.
The extent of the 
percentage of each
lesions as a 
sectorial area Effect of 
on colour
lesion
ohangeSectors of spinal cord
1 2 3 4 5 6 7 8 9 U P S
14 50 10 0 100 100 50 100 100 100 4-
16 70 40 0 100 100 60 100 100 100 +
13 0 40 100 0 50 100 0 0 100 +
15 100 50 0 60 50 10 0 0 0 +
27 0 50 100 0 50 100 0 40 100 +
20 90 60 20 20 0 0 0 0 0 +
26 100 60 0 100 60 0 100 90 0 4-
30 100 60 0 80 90 10 10 90 10 4-
28 100 60 10 100 40 0 100 30 0 4-
29 100 70 30 100 60 0 90 30 0 4-
19 30 90 100 0 10 40 0 0 0 4-
23 100 100 30 100 80 0 100 100 20 4-
25 100 100 0 100 80 0 100 100 0 4-
24 100 100 60 100 90 0 100 70 0 4-
22 100 100 70 50 70 0 0 30 0 4*
21 100 100 30 20 80 40 0 0 10 4-
18 100 100 60 10 0 0 0 0 0 4-
17 100 100 100 50 60 60 0 0 0 4-
U = 
P = 
E =
Eez
Sp. = Specimen numher.
Colour response unaffected by lesion.
" partly affected by lesion.
" ” eliminated by lesion.
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TABLE 6
The extent and effect of spinal lesions 
placed between vertebrae 10 and 11: 
specimens 31 to 37
The extent of the lesions as a 
percentage of each sectorial area Effect of lesion
Se.ctors of spinal cord
on colour change
8p. 1 2 3 4 5 6 7 8 9 U P E
32 0 0 0 50 50 50 100 100 100 4-
31 100 10 0 100 10 0 40 0 0 4-
36 100 30 0 100 60 0 100 100 30 4-
33 30 50 30 0 0 0 0 0 0 4-
34 100 40 0 100 30 0 10 30 0 4-
35 0 50 100 0 50 100 0 10 40 4-
37 100 80 10 70 80 20 10 90 10 4-
Key
Ü
P
E
Sp. = Specimen number.
Colour response unaffected by lesion.
" partly affected by lesion, 
eliminated by lesion.
tf
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TABLE 7
The extent and effect of spinal lesions 
placed at vertebra 11: 
specimens 38 to 49
The extent 
percentage
of the lesions as a 
of each sectorial area Effect of 
on colour
lesior
changeSectors of spinal eord
8p. 1 2 3 4 5 6 7 8 9 U P E
39 10 0 0 80 70 40 100 100 100 +
38 100 50 0 100 80 30 100 100 100 4-
49 100 60 0 100 90 30 70 90 20 4-
47 100 90 10 10 40 40 0 0 0 4*
48 100 100 100 20 30 20 0 0 0 4-
44 100 60 20 20 0 0 0 0 0 4-
45 50 70 100 0 0 10 0 0 0 4*
46 100 100 0 100 100 30 100 100 80 4-
42 100 100 70 90 50 0 10 0 0 4*
40 100 100 100 50 70 70 0 0 0 4-
43 100 100 100 90 40 10 0 0 0 4*
41 100 100 100 20 20 0 0 0 0 4-
U
P
E
EÊZ
Sp. = Specimen number.
Colour response unaffected by lesion.
” partly affected by lesion. 
" ” eliminated by lesion.
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TABLE 8
Key
Sp. = Specimen number.
Lesion aspect:
De = Dextral.
Do = Dorsal.
M = Medial.
S = Sinistral.
V = Ventral.
VD = Ventrodextral.
Effect:
(i) = Small degree of paling.
(ii) = Paled to medium shade with
dark lateral and dorsolateral 
pattern.
(iii) = Considerable paling with dark 
lateral and dorsolateral 
pattern.
(iv) = Considerable paling with dark 
lateral stripes.
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TABLE' 8
Partly affected colour responses; the range of 
effects arid the proportion of the cross-sectional 
area of sector 2 involved
Sp.
Sector 2
Effect Vertebral
levelPercentage
destruction
Percentage
damage
Total Lesion
aspect
4-8 60 4-0 100 V (iv) 11
4-7 55 35 90 V (ill) 11
8 55 25 80 Do (i) 3-4-
37 35 45 80 8+H (ill) 10-11
29 4-0 30 .70 De (11) 10
26 4-5 15 60 De (iv) 10
30 45 15 60 De (iv) 10
28 4-0 20 60 De (iv) 10
20 35 25 60 Do (ii) 10
4^ 9 30 30 60 De (iii) 11
12 35 15 50 De (iii) 3—4-
27 30 20 50 S (il) 10
35 25 25 50 S (ii) 10
11 20 10 30 VD (ii) 3-4-
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Discussion of the effects of partial lesions 
placed at vertebrae 3-4 and at vertebrae 10-11
Prom the results simmarised in Plates 33 to 46 and in 
Tables 4 to 7 the effects of the lesions on pigmento-motor 
control can be correlated with the results of the 
histological study of the lesions.
With both groupings of spinal levels considerable 
ventral damage appeared to leave the colour response 
unaffected. Thus at vertebrae 3-4 (specimen 1; Plate 33, 
p.141; Table 4, p.145), at vertebra 10 (specimen 14; Plate 
35, p.143; Table 5, p.161), between vertebrae 10 and 11 
(specimen 32; Plate 41, p.151; Table 6, p.162) and at 
vertebra 11 (specimen 39; Plate 44, p.156; Table 7, p.163) 
the colour responses were more or less unaffected by 
lesions which involved as much as 50%-70% of the cross- 
sectional area of the spinal cord. The only effect on the 
colour response was a localised darkening around the 
incision. It is to be concluded that the pigmento-motor 
fibres are not located in the ventral half of the spinal 
cord at these levels.
This conclusion gains further support from the 
results of dorsal lesions placed at vertebrae 3-^ 
(specimens 6 and 7; Plate 34-, p . 142; Table 4, p.145), and 
at vertebra 10 (specimens 17, 16 and 19; Plate 38, p . 148; 
Table 5, p.161). In all these fish the colour response 
was eliminated and the cut tissues were found to be 
limited to the dorsal half of the spinal cord. However, 
caudally to vertebra 10, the results of dorsal lesions
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appear to be variable. Thus, whereas dorsal lesions placed 
at vertebra 11 eliminated the colour response of specimens 
41, 43, 44, 45 and 46 (Plates 44-46, pp. 156-158; Table 7, 
p.163), similarly placed lesions in specimens 47 and 48 
(Plate 46, p.158; Table 7, p.163) only partly affected the 
colour response. This discrepancy in the case of dorsal 
lesions placed at vertebra 11 could be accounted for by 
the proximity of this vertebral level to the spinal 
outflow levels of the pigmento-motor fibres (Section 
5.a.iii. pp.125-6). This last point will be considered 
further in Section 5*t.v. pp.192-197 ).
The spinal lesions placed at vertebrae 3-4 in 
specimens 1, 6, 7 and 8 (Plates 33-5^, pp.141-2; Table 4, 
p.145) and at vertebra 10 in specimens 14, 16, 18 and 20 
(Plates 37-38, pp.147-8; Table 5, p.161) provide data 
indicating that the pigmento-motor fibres are located in 
the area included within sectors 1, 2 and 3 (Plates 36 and 
47, pp. 144- and 160) at these spinal levels.
Thus having eliminated sectors 4, 5, 6, 7, 8 and 9 
(Plates 36 and 47, pp. 1^4 and 160) at these spinal levels, 
the distribution of the pigmento-motor fibres can be 
localised further from a consideration of the results 
provided by laterally placed lesions. At vertebrae 3-4- 
(specimens 4 and 5; Plates 33-34-, pp.141-2; Table 4, 
p. 145), at vertebra 10 (specimen 15; Plate 37, p -14-7;
Table 5, p. 161) and between vertebrae 10 and 11 (specimens 
31 and 36; Plates 42-43, pp. 153-4-; Table 6, p. 162) 
dextrally placed lesions have destroyed or badly damaged 
sector 1, partly damaged sector 2 but have left sector 3 
intact. The degree of damage to sector 2 varies from lOÇo
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of its cross-sectional area in specimen 31 (Table 6, p.162) 
to in specimen 13 (Table 3, p.161). In all these 
specimens it will be noted that the colour response is 
unaffected by the lesion (Tables 4, 3 and 6, pp. 143, 161 
and 162). Furthermore, at vertebrae 3-4 in specimen 9 
(Plate 35, P . 14-3; Table 4, p. 145) sector 1 is intact 
whereas sectors 2 and 3 are largely involved. This has 
resulted in the elimination of the colour response. These 
results would appear to exclude sector 1 from the pigmento- 
motor region of the spinal cord.
The colour response was unaffected by a sinistral 
lesion at vertebra 10 in specimen 15 (Plate 37, p.147;
Table 4, p. 145) which destroyed sector 3 and part of 
sector 2 but left sector 1 intact. In contrast, dextrally 
placed lesions at vertebra 10 (specimens 25 and 46; Plates 
40 and 46, pp. 150 and 158; Tables 5 and 7, pp. 161 and 163) 
which destroyed sector 1, heavily damaged sector 2 but 
left sector 3 intact resulted in elimination of the colour 
response. These results would appear to exclude sector 3 
from the pigment o-mot or region of the spinal cord.
Thus, from this process of elimination, it would 
appear that the pigmento-motor fibres are concentrated 
within sector 2 (Plates 36 and 47, pp.144 and 160).
Further indications to this effect are provided by a 
comparison of Table 4 and 5 (pp.145 and 161). To a certain 
degree Tables 6 and 7 (pp.162-3) can also be included in 
this comparison. Such comparisons indicate that at both 
groups of levels there is a correlation between the 
proportion of the cross-sectional area of sector 2 
involved and the effect of the lesion upon the colour
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response. Thus, unaffected fish showed the least damage 
within sector 2, whilst heavy damage to this sector 
resulted in the elimination of the neurally controlled 
colour response. Such a correlation cannot be observed in 
the case of the other 8 sectors. This correlation is not 
as close at vertebral levels lying caudally to vertebra 
10; at vertebra 11 this can be seen by a comparison of 
specimens 4-4 and 45 (Plate 45, p. 157; Table 7, p. 165) 
with specimens 47 and 48 (Plate 46, p. 158; Table 7, 
p.165).
The anatomical information provided in Section 4 
(pp.88-117) indicates that sector 2 includes within its 
area the dorsal funiculus, the dorsal horns of the grey 
matter, the substantia gelatinesa Polandi and the dorsal 
area of the corpus commune posterius. This grey matter is 
surrounded by many fine myelinated fibres of the white 
matter.
As stated already, several lesions partly affected 
the paling. The range of this effect is summarised in 
Table 8 (p.165). The four types of partial effects 
presented here are arbitrary and there was a range of 
individual variations within each grouping. At vertebrae 
5-4 (specimens 8, 11 and 12; Plates 34— 35, pp. 142-3;
Table 4, p.145) and at vertebra 10 (specimens 20, 26, 27, 
28, 29 and 50; Plates 58, 40, 41, pp.148, 150, 151;
Table 5, p.161) lesions which involved the dorsomedial 
tissues partly affected the colour response to background 
reversal. In these specimens the proportion of the cross- 
sectional area of sector 2 v/hich is involved varies 
between 30% for specimen 11 (Plate 35, p.143; Table 4,
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p. 14-5) and 80ÿ6 for specimen 8 (Plate 54, p. 142; Table 4,
p.14-5).
For partly affected colour responses an attempt was 
made to determine whether the extent and the aspect of 
dorsomedial damage were correlated with the t;^ npe of partial 
effect (Table 8, p.165). However, no such relationship 
could be identified. In specimens 8 (Plate 34, p. 142) and
20 (Plate 38, p.148) the substantia gelatinosa Polandi of
both dorsal horns was damaged. In specimens 11, 12 (Plate 
35, p.14-3), 26, 27, 28, 29 and 30 (Plates 40-1, pp.130-1) 
the lesion involved the substantia gelatinosa Rolandi of 
one or both dorsal horns together with a varying proportion 
of the corpus commune posterius. The extent of the paling 
and the prominence of the mottled pattern appear to be 
independent of the aspect of the dorsomedial damage. Thus, 
specimens 11, 20 and 27 (Table 8, p. 165) paled to the 
same degree and similar dark patterns were observed during 
paling although the aspect of the damage to sector 2 
differed considerably in these specimens. Thus in specimen 
11 (Plate 35, p. 14-3) the damage involved the ventrodextral 
area of this sector, in specimen 27 (Plate 38, p. 148) the
dextral region had been cut, whilst in specimen 20 (Plate
35, p.143), the dorsal region of the sector was affected.
An attempt to determine a quantitative correlation 
between the nature of the partial effect and the 
proportion of sector 2 involved in the lesion is perhaps 
made more difficult by the possibility of differences in 
the condition of temperature and illumination.
These results indicate that the pigmento-motor fibres 
appear to be located dorsomedially in an area which
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includes the dorsal horns and their base amidst the corpus 
commune posterius. It is impossible from the results 
obtained by this technique to localise these fibres more 
precisely because the tissues damaged by the blade, as 
opposed to those destroyed by it, are difficult to analyse.
Specimens 27 and 35 (Plates 38 and 43, pp.148 and 
154; Tables 5 and 6, pp.161-2) provide an interesting 
contrast to specimens 26, 28 and 30 (Plates 40-41, pp.150- 
1 ; Table 5, p.161). The lesions in the first two of these 
specimens are sinistrally located whereas those in the 
other three specimens are dextrally placed. Both groups of 
lesions resulted in a bilateral partial effect. ITeither 
group showed either a contralateral or an ipsilateral 
unilateral pattern.
Vertebra 11 is cephalic to the levels of the spinal 
outflow of the pigmento-motor fibres recorded in Section 
5.a. (pp.115-126) i.e. between vertebra 12 and 14. It is 
suggested that the results in Table 7 (p.163) indicate 
either a ventral distribution of the pigmento-motor fibres 
before their spinal outflow, or that a proportion of these 
fibres have emerged from the spinal cord cephalically to 
vertebra 11 in these specimens and that the outflow of 
these fibres occurs over more levels than was indicated 
by the experiments described in Section 5*si- Specimen 35 
(Plate 42, p.153; Table 6, p.162) would indicate the 
former conclusion whereas specimens 47 and 48 (Plate 46, 
p.158; Table 7, p.163) could be interpreted as supporting 
either or both conclusions. However, examination of Tables 
6 and 7 (pp. 162-3) reveal that specimens 33, ^^ 7 and 48 
represent a minority group of dorsal lesion results. Thus,
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at vertebra 11 dorsal lesions in specimens 41, 4J, 44 and 
45 (Plates 44-45, pp.156-7; Table 7, p.165) provide results 
similar to those obtained at vertebrae 5, 4 and 10.
It is concluded that the pigmento-motor fibres are 
located dorsomedially at vertebrae 3, 4- and 10. Since these 
levels are separated by a considerable length of the 
spinal cord it is suggested that, for most of their course 
from the medulla oblongata to their spinal outflow, the 
pigmento-motor fibres are distributed dorsomedially in the 
tissues around the dorsal horns and their base in the 
dorsal region of the corpus commune posterius.
Before their spinal outflow there appears to be a 
degree of variability in the distribution of the pigmento- 
motor fibres. Thus, at vertebra 11 these fibres are still 
dorsomedially situated in some specimens, but in other 
cases, e.g. specimens 33 (Plate 42, p.153; Table 6, p.162) 
47 and 48 (Plate 46, p. 158; Table 7, p.163) they may be 
more ventrally distributed or some fibres may emerge 
cephalically to vertebra 11.
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5.b .iV . The effects of partial lesions placed 
between vertebrae 11 and 16
It was concluded in Section 5*a. (p.125) that the 
spinal outflow of the pigmento-motor fibres is localised 
between vertebrae 12 and 14. The observations described in 
this section are concerned with the spinal distribution of 
the pigmento-motor fibres within this * outflow’ region.
The experimental and histological techniques employed 
for placing, interpreting and representing these lesions 
are the same as those reviewed in Section 5.1.1# (p.l27- 
135). However, when placing these lesions even greater 
care was taken to remove only a very short length of the 
neural arch during each operation. This precaution helped 
to minimise the number of cut spinal nerves. It is 
assumed that cutting spinal nerves at these vertebral 
levels would simulate the colour response effects 
resulting from damage to the spinal pigmento-motor fibres 
since these spinal nerves carry pigmento-motor fibres.
The results of the histological examination of these 
lesions are summarised in Plates 48 to 57 (pp. 176-185) and 
their analysis is summarised together with their effects 
upon the colour responses in Tables 9 to 11 (pp. 188-191 ) . 
The effects of these spinal lesions on the colour 
responses were similaa? to those observed already in 
Section 5.b.ii. (pp.136-165). Thus, three broad categories 
of such effects can again be identified;
i). fish in which the colour responses were unaffected 
by the lesion;
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ii). fish in which the neurally controlled colour 
responses were eliminated by the lesions;
iii). fish in which the colour responses were partly 
affected by the lesions.
Each of these three categories is reviewed separately in 
Tables 9, 10 and 11 (pp.188-191).
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PLATES 48-57 (pp.176-185)
Diagrammatic representation of 
the results of the histological examination of the 
experimental lesions placed between vertebrae 11 and 16
i) The number placed above each diagram 
represents the specimen number.
ii) Cross-hatched shading represents 
the area of destruction.
iii) Stippled shading represents the 
damaged area.
iv) Vertical bar shading represents 
the parasitised area.
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PLATE 38 and TABLES 9-11
The results of the histological examination of 
lesions placed at vertebrae 11 to 16 and of the 
effects of these lesions on the colour changes
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PLATE 38
Sectored transverse plan of the spinal cord 
at vertebrae 11-16
188 
TABLE 9
The extent and spinal levels of outflow 
lesions which did not affect colour responses
8p.
Percentage of each sectorial area 
included in each lesion Spinal level 
of lesion
Sectors of spinal cord
1 2 5 4 5 6 7 8 9
50 10 50 0 0 0 0 0 0 0 11-12
51 80 50 50 40 0 0 0 0 0 11-12
52 60 70 10 0 0 0 0 0 0 11-12
55 100 100 100 40 50 50 0 0 0 11-12
55 50 20 0 100 80 10 100 80 70 12
56 100 50 0 100 60 50 100 100 70 12
57 60 70 80 0 0 0 0 0 0 12
66 20 60 60 0 0 0 0 0 0 15
75 0 0 0 50 40 10 100 100 80 15-14
80 10 10 0 100 90 10 100 100 80 14
79 10 80 50 0 0 10 0 0 0 14
81 100 90 20 50 10 0 0 0 0 14
82 0 0 0 60 50 10 100 100 60 'l4-15
85 100 100 90 60 60 0 0 0 0 14-15
87 100 20 0 100 90 40 100 100 100 15
85 20 40 50 0 0 0 0 0 0 15
84 50 60 50 0 0 0 0 0 0 15
86 100 80 0 100 60 0 100 20 0 15
88 100 100 90 100 100 50 100 100 20 15-16
89 0 0 0 90 90 40 100 100 100 16
Sp. = Specimen number
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TABLE 10
Key
Sp. = Specimen number.
(1) = Small degree of paling.
(ii) = Paled to medium shade with dark
lateral and dorsolateral pattern.
(iii) = Considerable paling with dark
lateral and dorsolateral pattern.
(iv) = Considerable paling with dark 
lateral stripes.
(d) = Mottled pattern on darkening.
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TABLE 10
The extent and spinal levels of outflow lesions 
which partly affected the colour responses
8p.
Percentage of each sectorial area 
included in each lesion Effecton
colour
response
Spinal
level
of
lesionSectors of spinal cord
1 2 5 4 5 6 7 8 9
54 0 0 0 70 90 10 100 100 100 (cL) 11-12
60 100 100 100 100 70 50 10 0 0 (d) 12
61 100 100 100 100 100 100 100 100 90 (i)+(d) 12
65 80 50 0 100 100 40 100 100 100 (iii) 12-13
65 50 90 100 0 10 50 0 0 0 (i) 12-13
62 100 100 100 100 100 100 10 0 0 (ii)+(d) 12-13
64 100 100 100 100 100 100 100 60 10 (ii) 12-15
70 0 0 0 60 20 0 100 20 20 (iii) 13
74 100 0 0 100 80 50 100 100 100 (iii) 13
71 0 50 20 0 0 0 0 0 0 (iv) 13
75 100 80 10 100 90 50 100 100 100 (ii) 13
68 100 100 100 100 50 10 40 0 0 (iii) 13
67 100 100 100 80 70 70^ 40 0 0 (iii) 13
72 100 100 100 100 90 60 20 0 0 (d) 13
69 100 100 100 100 100 90 100 80 10 (ii) 13
78 50 10 0 50 20 0 100 100 50 (iii) 13-14
76 100 100 100 10 50 10 0 0 0 (iii) 13-14
77 100 100 100 40 60 40 0 0 0 (iii)+(d) 13-14
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TABLE 11
The extent and spinal levels of outflow 
lesions which eliminated the colour responses
Sp.
Percentage of each sectorial area 
included in each lesion Spinal level 
of lesionsSectors of spinal cord
1 2 5 4 5 6 7 8  9
58
59
70 ICK) 100 0 (50 100 0 0 0 
100 100 100 100 80 70 50 0 0
12
12
KeZ
Sp. = Specimen number
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5.b.v. Discussion of the effects of partial 
lesions placed, between vertebrae 11 and 16
Several fish were unaffected by lesions placed at 
these vertebral levels. Prom the results in Table 9 
(p.188) and from the appropriate diagrammatic 
representations of the lesions it can be concluded that 
lesions placed posteriorly to the middle of vertebra 14 
did not affect the colour response. This occurred in 
specimens 79-89 (Plates 55-57, pp.185-185) regardless of 
whether the lesions were dorsal, ventral or lateral in 
location or of their extent. Thus, in specimens 87 and 88 
(Plate 57, p.185) a very large proportion of the cross- 
sectional area of the spinal cord was destroyed or 
damaged and in specimen 86 (Plate 57, p.185) the lesion 
involved almost the entire dextral area of the cord. These 
results support those discussed already in Section 5*a. 
(pp. 119-126) in which it was concluded that there are no 
spinal pigmento-motor fibres caudal to vertebra 14.
The results reviewed in Table 9 (p.188) also 
indicate that dorsal lesions placed between vertebrae 11 
and 12 in specimens 50, 51, 52 and 55 (Plate 48, p.176), 
at vertebra 12 in specimen 57 (Plate 49, p. 177) 3-"ad at 
vertebra 15 in specimen 66 (Plate 52, p.180) did not 
affect the colour response. In specimens 51 and 57 the 
dorsal horns were damaged extensively and in specimens 52 
and 55 the dorsal horns were destroyed and the damage 
extended into the corpus commune posterius. These results 
would indicate a more ventral distribution of the
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pigmento-motor fibres posterior to vertebra 11.
However, it should be noted that dorsal lesions at 
vertebra 12 resulted in the elimination of the colour 
response in specimens 58 and 59 (Plate 50, p. 178; Table 
11, p.191). These lesions were more extensive than the 
dorsal lesions which did not affect the colour response 
and they extended into sector 5 (Plate 58, p.187). 
However, this last observation cannot be interpreted as 
a basis for a general conclusion since in specimen 55 
(Plate 4 9 , p.177; Table 9, p.188) extensive ventral 
damage to sector 5 at vertebra 12 did not affect the 
colour response. These results would appear to indicate 
that there is variation between individual fish in the 
pattern of distribution of the spinal pigmento-motor 
fibres before their outflow.
A large number of outflow spinal lesions produced a 
mottled colour pattern. Such a pattern, typified by 
specimen 62 (Plate 51, p.179; Table 10, p.190) is shoivn 
photographed in Plate 59 (p.194). These partly affected 
colour responses are reviewed in Table 10 (p.190).
It will be observed from Table 10 that lesions which 
partly affected the colour response were placed 
predominantly between vertebrae 12-15 and vertebrae 15-14. 
To facilitate their interpretation these partial effects 
have been classified into the five arbitrary types 
described in the key to Table 10 (p. 189)* I^  ^this scheme 
4 distinct degrees of effect upon paling in response to 
a white background are described, together with a fifth 
group in which darkening in response to a black 
background was affected. This last category was not
194
PLATE 59
The dorsolateral caudal surfaces of specimen 62 
(see Plate 51, n.179 and Table 10, p.190) after 
5 minutes exposure to a white background
(n.b. see Plate 31, p.159 - both fish photographed 
under similar illumination)
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recognised amongst the partial effects identified at 
vertebrae 3, 4 and 10 (Section 5.b.ii. pp.136-165).
vVhen attempting to interpret these partial effects 
the damage to the spinal nerves must be taken into account 
as well as the damage to the spinal cord. If the spinal 
outflow levels of the pigmento-motor fibres should be 
distributed over 3 to 4 pairs of spinal nerves damage to 
one of these nerves would presumably result in cutting 
between 12.5% and 17% of the pigmento-motor fibres. This, 
in itself, would contribute to the mottled patterns 
observed. For this reason it is suggested that the paling 
groups (i) and (ii) in Table 10 are more significant 
indicators of the effect on the colour change of damage to 
the spinal cord than are the paling groups (iii) and (iv) 
since the effect in groups (i) and (ii) must presumably be 
caused by cutting more than 12.5% to 17% of the pigmento- 
motor fibres. Thus the group (i) specimens 61 (Plate 50, 
p.178) and 63 (Plate 51, p.179) paled only slightly on a 
white background. It would seem as if, in specimen 61, the 
slight degree of paling could be under the control of 
fibres emerging from the spinal cord anteriorly to 
vertebra 12. In specimen 63 the pigmento-motor fibres 
appear to have been still dorsomedially located between 
vertebrae 12 and 13-
Paling, observed in the group (ii) fish, specimens 
62, 64 (Plate 31, p. 179), 69 and 75 (Plates 32 and 35, 
pp.180-181) could have been under the control of pigmento- 
motor fibres leaving the spinal cord at levels lying 
anteriorly to the lesions, i.e. at vertebra 12 or anterior 
to that level. In all 4 specimens the spinal lesions were
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extensive and the diagrams of the affected sections of the 
cord do not yield any conclusive indication of the spinal 
distribution of the pigmento-motor fibres.
Group (iii) fish were specimens which did pale 
considerably but in which the dorsolateral and lateral 
surfaces were prominently mottled. In most of these 
specimens the lesions were placed towards the posterior 
levels of the spinal outflow, i.e. at vertebra 13 and 
between vertebrae 13 and 14. Thus the melanophores would 
still be under the control of those fibres with a more 
anterior outflow, which could account for a considerable 
degree of paling. Spinal nerve damage should also be 
taken into account with these fish since it could have 
contributed appreciably to the mottled pattern observed in 
them and it could be equivalent in effect to a similar 
degree of damage to the spinal cord.
Lesions placed at vertebra 13 and between vertebrae 
13 and 14 produced effects which cannot be correlated with 
either the location or the extent of the lesions. Thus, in 
Table 10 (p.190) the large dorsal lesions in specimens 6? 
and 68 (Plate 51, p.179) resulted in similar effects to 
those produced by the ventral lesions in specimens 70, 74 
and 78 (Plates 52, 55 and 54, pp.180-182). In Table 10 
(p. 190) specimens 62 and 65 (Plate 51, P*179) iu. which the 
lesions were placed between vertebrae 12 ana 13 provide 
an interesting comparison. They would appear to indicate 
that in some fish the pigmento-motor fibres could still 
have a dorsal distribution at these spinal levels.
Amongst the results of lesions placed at the outflow 
levels there were also specimens (group (d), Table 10,
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p.190) in which a mottled pattern appeared when the fish 
darkened on a black background. This mottled pattern 
consisted of irregular dark and pale areas intermingled 
evenly over the dorsolateral surfaces and was similar in 
appearance to the partial effect already described in the 
case of some of the paling specimens. The lateral stripes 
of these fish darkened as in the control observations. In 
specimens 54 (Plate 49, p.177), 60 (Plate 50, p.178) and 
72 (Plate 53, p. 181) such a pattern appeared only when the 
fish darkened; paling was unaffected. In specimens 61 
(Plate 30, p.178), 62 (Plate 31, p.179) and 77 (Plate 34, 
p.182) paling was also affected in a similar manner.
In all the specimens the lesions were extensive but 
there appears to be no correlation between the extent and 
location of the lesion and the occurrence of this mottled 
pattern on darkening. This type of effect at these levels 
is interesting and its possible significance and 
interpretation will be discussed in Section 6 (pp. 199-211 )
In conclusion, it would appear difficult to correlate 
the effects produced by outflow lesions with their extent 
and location. Spinal nerve damage at these levels, 
together with possible variations in the actual 
distribution of the levels of spinal outflow of these 
fibres make interpretation difficult. However, dorsomedial 
destruction of the spinal cord at these levels does not 
always eliminate the colour response of these fish. This 
conclusion makes an interesting comparison with the 
results of dorsomedial destruction of the spinal cord at 
vertebrae 3, 4 and 10.
%
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SECTION 6
DISCUSSION AIID CONCLUSIONS
The observations reviewed in Sections 4 (pp.88-117) 
and 5 (pp. 119-197) give rise to two topics for discussion. 
First, there is the question of the location of the spinal 
pigmento-motor fibres and, second, there are the effects 
resulting from cutting a proportion of these fibres.
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The location of the spinal pigmento-motor fibres
Kappers et al (1936) claimed that knowledge of the 
sympathetic nervous system of fish was very meagre, 
especially in regard to the finer details. This statement 
regarding the spinal distribution of sympathetic fibres 
of teleosts still holds today. Very little information is 
available regarding such spinal tracts.
The results reviewed in Section 5.b.ii. (pp.136-165) 
indicate a dorsomedial distribution of the spinal 
pigmento-motor fibres between the medulla and vertebra 
10. This conclusion is based on a comparison of the 
results of^lesions placed at vertebrae 3, 4 and 10. Some 
indication of the anatomy of the dorsomedial region is 
given in the description of the spinal cord given in 
Section 4 (pp.88-117) and in particular in the photo­
micrographs in Section 4.b.v. (pp.104-117). From these it 
can be seen that the dorsomedial area of the spinal cord 
includes the dorsal horns of the grey matter and the 
dorsal part of the corpus commune posterius. These areas 
of the grey matter are surrounded by fine myelinated 
fibres of the dorsal part of the white matter.
Keenan (1928) stated that the dorsal horns of fishes 
consist mainly of substantia gelatinosa Rolandi. In 
 ^higher * vertebrates the dorsal horns are mostly corpus 
commune posterius of mainly a visceral function. This 
role is deduced from the connections of the corpus 
commune posterius with the commissural nucleus of the 
vagus in the medulla oblongata, and from the observation
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that line dorsal root fibres can be traced to it. A 
cutaneous sensory function is suggested for the substahtia 
gelatinosa Rolandi of mammals, together with a sympathetic 
role. However, there is little support for this latter 
suggestion and in fish the substantia gelatinosa Rolandi 
is said to be’better developed in species having stronger 
cutane ous s ens it ivity.
It is suggested that the effects of the spinal 
lesions upon the neural control of the colour response 
(Sections 5.b.ii. and 5.b.iii., pp.136-173) indicates an 
autonomic function for the dorsal horns and the corpus 
commune posterius of the spinal cord of the minnow.
With regard to the spinal outflow of the autonomic 
fibres Edinger (1899) stated that sympathetic efferent 
fibres emerge from the spinal cord through the dorsal 
roots and probably run dorsalwards within the cord from 
the ventral horns. However, according to Kappers et al 
(1936) ’the cells of origin of the preganglionic fibres 
have not been clearly identified, though probably they lie 
near to the base of the dorsal horns.' Kappers et al also 
claimed that visceral efferent fibres run partly in the 
dorsal roots and partly in the ventral roots of the spinal 
nerves. The conclusion that the pigmento-motor fibres 
have a dorsomedial distribution (Section 3*b.iii., pp.166- 
172) would appear to support the view of Kappers et al 
(1936), namely that, in teleosts, visceral efferent fibres 
originate at the base of the dorsal horns. However, the 
results of lesions at the spinal outflow levels reviewed 
in Section 3.b.iv. (pp.173-191) and lesions placed at 
vertebra 11 (Section 3.b.ii.-3.b.iii., pp.136-172) do not
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provide a clear indication of the distribution of the 
spinal pigmento-motor fibres at the spinal levels 
immediately posterior to vertebra 10. Of the results in 
Section 5.b #iv. the dorsal lesions placed in specimens 
50, 51, 52, 55, (Plate 48, p.141), 57, (Plate 49, p.142), 
66 (Plate 52, p.145), 81 (Plate 55, p.148) and 85 (Plate 
56, p.149), reviewed in Table 9 (p.188), are of interest 
since they did not affect the colour responses. Although 
in these specimens it is probable that the dorsal roots 
of some of the spinal nerves carrying pigmento-motor 
fibres were damaged while placing these lesions it seems 
likely that the ventral roots remained intact since only 
a short length of the dorsal part of the neural arch was 
removed. However, it must be made clear that the extent of 
the damage to the spinal nerves was never in fact checked 
histologically. It might be argued that these results 
indicate an autonomic efferent outflow through the ventral 
roots. However, such a conclusion would not take into 
account the possibility of variation in the spinal outflow 
levels which may have been anterior to vertebra 12 in 
these specimens.
Within the spinal cord, at the outflow levels, the 
pigmento-motor fibres appear to have a somewhat more 
ventral distribution, possibly being concentrated within 
the corpus commune posterius. However, this apparent 
change in location could be associated with the reduction 
in the size of the dorsal horns towards the posterior end 
of the spinal cord, which can be seen in a comparison of 
Plates 14 and 15 (pp. 106-7) with Plates 16, 17 and 18
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(pp.108-110).
These studies have not provided any indication of the 
nature of the spinal pigmento-motor tracts; whether there 
is a chain of neurons or whether, in contrast, there are 
'universal preganglionic neurons' as postulated by V/ern0e 
(1926). These hypotheses remain to be tested. The 
application of adrenergic and other blocking agents to 
locally exposed lengths of the spinal cord, together with 
simultaneous electrical stimulation of the medulla, may 
distinguish between these two alternative hypotheses.
The dorsomedial tissues of the spinal cord are worth 
further histological study. In this thesis no attempt has 
been made to designate the spinal pigmento-motor fibres as 
myelinated or as unmyelinated. Weigert-Pal preparations 
have not indicated the presence of myelinated fibres 
within the corpus commune posterius or the base of the 
dorsal horns (Plate 19, p.111). However, Zenlcer formol 
material post-chromed and then stained with Mallory's 
trichrome does suggest the existence of fine myelinated 
fibres when examined under an oil-immersion objective lens 
but distortion made this observation difficult to verify.
These experimental and histological studies of the 
spinal cord should be continued forward into the brain.
Von Frisch (1911) suggested the existence in the hind­
brain of a paling centre. Such a medullary centre should 
be located by lesion experiments, localised electrical 
stimulation and histological studies. Such studies should 
be extended to a larger teleost Imoxm to display 
nervously controlled colour responses, e.g. trout. If a 
medullary paling centre were identified in trout it might
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prove feasible to demonstrate on an oscilloscope changes 
in the electrical activity of this centre in response to 
background reversal. This could be achieved by implanting 
recording electrodes into the medullary centre in fish 
immobilised by spinal sections placed posterior to the 
spinal outflow of the pigmento-motor fibres coupled with 
section of the nerves to the fins.
205
ô.b. Discussion of the effects of cutting a 
proportion of the spinal pigmento-motor fibres
The post-operational cutaneous mottled pattern 
observed in several experimental fish during their paling 
in response to a white background is of interest. 
Presumably this differential effect observed during paling 
is the outcome of cutting only a proportion of the spinal 
pigmento-motor fibres. It is to be noted that lesions 
placed at vertebrae 3, 4 and 10 produced the effect 
irrespective of their aspect, provided that they involved 
a considerable proportion of the dorsomedial area (Table 
8, p.165). The effect was also similar in appearance to 
that produced by some of the partial lesions, and all of 
the complete spinal sections, at the spinal outflow levels 
(Table 10, p.190).
Of particular interest are those patterns produced by 
unilateral spinal hemisections. This in specimens 12 (Plate 
35, p. 143; Table 8, p. 165), 26, 27, 28 and 29 (Plates 40- 
41, pp.150-1; Table 5, p.161) and 35 (Plate 43, p.154;
Table 8, p.165) approximately 40-5Wo of the dorsomedial 
area was destroyed; the dorsomedial area involved in these 
lesions is sinistrally or dextrally located but the colour 
response of the skin has not been affected unilaterally.
The cutaneous mottled pattern which resulted from such 
unilateral lesions vis.s bilaterally distributed over the 
entire dorsolateral surface of the fish. This observation 
contrasts markedly with the Brov/n-Seguard syndrome 
resulting from a hemisection of the mammalian spinal cord.
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In the latter unilateral motor paralysis of the 
ipsilateral muscles occurs and the contralateral touch and 
pain fibres are also affected. The colour responses of the 
minnow were never affected unilaterally in this manner. 
This would suggest that in contrast to mammalian somatic 
motor and sensory fibres decussation of some, but not all, 
of these teleost autonomic pigmento-motor fibres occurs. 
Such decussation could occur within the spinal cord or 
else it could occur in the sympathetic chain. Unilateral 
sympathectomy of spinal hemisectioned fish may produce 
effects distinguishing between these two possibilities. In 
view of the results of Wern^e's experiments on plaice 
sympathectomy of sp inal -he mi sectioned plaice would also 
provide an interesting experimental study.
The melanophores of some of the mottled patterns 
produced by outflox^ r lesions were exaiained under the 
binocular microscope by the method outlined on p.45. In 
some mottled specimens asymmetrical dispersion of 
individual melanophores was observed. This observation 
T^ Tould appear to support the conclusion of Gray (1956), 
that melanophores are innervated by more than one neuron. 
Thus, it would appear that some of these fibres had been 
cut by the lesion, whereas others were intact. It would 
seem from the distribution of the post-operational mottled 
pattern and from the histological observations on the skin 
made by previous workers (p.22) that a plexus of 
sympathetic fibres exists in the teleost skin. It is 
suggested on the basis of the results of these lesion 
experiments that the fibres of any specific region of the 
spinal pigmento-motor tract are associated with melanophore
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innervating fibres having a wide cutaneous distribution. 
The melanophore innervating fibres of any specific segment 
also appear to be associated xvith spinal outfloxv nerves of 
more than one of the spinal levels 12 to 14.
Functionally, the cutaneous pigmento-motor fibres appear 
to retain their integrity, innervating the melanophores 
directly, rather than synapsing with a continuous diffuse 
cutaneous nerve net. A similar conclusion has a.lready been 
reached by IVhitear (1952) on the basis of her histological 
studies.
Further studies into the relationship between the 
nature and extent of this cutaneous mottled effect and of 
the damage to the spinal cord should be conducted. The 
photographic technique at present being developed by 
Dr.E.G.Healey for his study of melanophore patterns could 
be usefully employed for this purpose in order to 
establish a quantitative picture.
It was also observed that, of the two types of 
melanophore, macromelanophores and micromelanophores, the 
macromelanophores of the lateral stripes and of the 
dorsolateral pattern (pp.43-44) appeared to be more 
readily affected by damage to the spinal cord. However, 
this should not be interpreted as meaning that the post- 
operational cutaneous mottled pattern corresponds exactly 
with the macromelanophore blotches observed during pre- 
operational paling (pp.43-44). The dorsolateral post- 
operational pattern has a different appearance and its 
precise nature is worthy of further investigation. The 
fact that the macromelanophores were more readily affected
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leads one to suggest that physiological differences
between macromelanophores and micromelanophores require 
further quantitative investigation, (work in this 
direction is being undertaken at present by Dr.E.G.Healey- 
personal communication).
Several fish developed a mottled pattern on darkening 
in response to a black background after a spinal outflow 
lesion (Table 10, p. 190). This phenomenon is difficult to 
understand and the following interpretations are 
suggested:
(i) This pattern could result from cutting melanophore- 
dispersing fibres so that the fish could not darken 
completely on a black background. If this is so, why 
should their presence be demonstrated only at the outflow 
levels and not at the more anterior spinal levels? It 
could be that the aggregating and dispersing fibres are 
more widely distributed at their outflow levels than they 
are at the more anterior levels. Then again spinal 
pigmento-motor centres could be present at these outflow 
levels. These could include paling and darkening centres 
with separate spinal outflow fibres but under the control 
of a single type of pigmento-motor fibre from the 
medullary centre. However, it is difficult to conceive how 
such fibres could exert a dual control over these centres.
(ii) If it is assumed that the preganglionic fibres 
originate at the outflow levels and are not ‘preganglionic 
universal neurons* with medullary origins (i/ern%e, 1926) it 
is conceivable that this mottled pattern is the result of 
continuous discharge resulting from daiaage to some of the 
neuron cell bodies of the preganglionic paling fibres.
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Such injury discharge of the paling fibres could be
compared with the paling observed in minnows fifteen 
minutes or so after death, described by von Frisch (1911). 
However, the mottled effect persists for a longer time, 
being observed 3 hours after the operation, whereas post­
mortem pallor persists for only 10 to 20 minutes.
(iii) It is suggested that there could be pigmento-motor 
fibres comparable with muscular proprioceptor fibres. Such 
receptor fibres would relay to the spinal cord 'feedback* 
information on the condition of the melanophores. Such 
afferent sympathetic fibres could synapse with 
preganglionic efferent fibres and regulate the level of 
the activity of these latter fibres. Such a nexus would 
constitute a reflex arc synapsing with spinal fibres of 
medullary origin.
Spinal outflow lesions would have a profound effect 
on such a delicately balanced mechanism.
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6.ç. The dineuronic control of melanophores
The results of these spinal lesion experiments do 
not provide substantial evidence inicating the occurrence 
of antagonistic spinal pigmento-motor fibres. Hoxvever, 
these experiments did not include a study of vertebrae 1 
and 2 and hence they do not provide any material for 
assessing the work of von Gelei (194-2) .
The post-operational cutaneous mottled pattern, which 
was observed during the darkening in response to a black 
background of some of the fish, may indicate the existence 
of melanophore-dispersing fibres. However, alternative 
explanations of this phenomenon can be postulated (p.208-9).
A point to be borne in mind is that if evidence was 
forth-coming, which indicated the occurrence of 
antagonistic spinal pigmento-motor fibres, this would not 
necessarily imply that the melanophores were innervated by 
antagonistic fibres. Antagonistic spinal fibres could 
influence the activity of a spinal centre from which a 
single type of pigmento-motor fibre could innervate the 
melanophores.
Finally it may be stated that any conclusive evidence 
for the dineuronic control of melanophores can only be 
acquired from a direct study of the cutaneous nerves and 
the innervation of the melanophores themselves. Such 
studies have been suggested already in Section 1, namely 
the electrophysiological demonstration of prolonged injury
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discharge vxithin a caudal band, supplemented by 
histochemical and bioassay studies designed to identify 
antagonistic neurohumors. Direct electrophysiological 
recording from the intact skin of a preparation in 
contrast to a caudal band during both paling and 
darkening may also yield results indicating whether 
dispersion of the melanophores is active or passive.
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sinmRY
New contributions to the field, of stud.y are d.enoted.
thus : *.
Section 1 (-pp.12-36)
Yhe literature concerning teleost colour changes is 
reviewed with particular reference to the neural 
co-ordination of melanophore responses to background 
colour changeSf The possibility that the darkening of 
blanched caudal bands is the result of an inward diffusion 
of acetylcholine into the band is criticised on the basis 
of the instability of acetylcholine in the presence of 
cholinesterase*. It is further suggested that the manner 
of such darkening could be the result of an outward 
diffusion, from a blanched caudal band, of an aggregating 
neurohumor*.
Section 2 (pp-58-39)
The problems discussed in this thesis are described 
in relation to the relevant literature.
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Section 3 (pp>41-86)
The experimental and the histological techniques 
employed in this work are described.
A description is given of a method of gauging the 
degree of the colour response of the minnow to black and 
to white backgrounds.
A surgical technique for placing spinal lesions was 
modified from that employed by earlier workers by 
incorporating the following refinements:
(a) The inclusion of a method for the pre-operational 
estimation of the requisite spinal level*.
(b) A technique for preparing fine instruments for 
placing partial lesions in the spinal cord*.
(c) The construction of a spring-loaded lever system 
which kept the muscular walls of the incision apart 
whilst the operation was performed*.
It should be noted that, in respect to modification (b) 
the formulae for the preparation of the instruments were 
devised by the author. The high speed grinding machine on 
which they were made was constructed by Hr.%ite, Bedford 
College science workshop, to the specifications laid down 
by Dr.E.G-.Healey.
The histological techniques described in this section 
include the use of Zenker acetic coupled with post- 
chroming as a means of fixing the spinal cord and 
decalcifying the vertebral column for the preparation of 
serial sections*. The relative advantages of fixing the
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spinal cord in Zenker acetic and in Zenker formol before 
post-chroming are discussed.
The vertebral level of each lesion was checked on 
completion of the experiments by histological exariiination 
combined with von Prisch's method (1911). In this context 
it was observed that the anterior vertebrae differ from 
those observed by von Prisch in the level at which the 
first pair of long ribs are carried (vertebra 5 and not 
vertebra 4) *.
Section 4 (pp.88-117)
The anatomy of the spinal cord of the minnow is 
described *. This description includes details of in situ 
transverse sections of material fixed and decalcified with 
Zenker acetic, post-chromed and then stained with Mallory's 
trichrome or with Mallory's eosin and methylene blue. 
Purther information was provided by lengths of spinal cord 
dissected from the vertebral column after fixation with 
Zenker formol, post-chromed and then stained with 
Mallory's trichrome or with Mallory's eosin and methylene 
blue. These methods are supplemented by studies on V/eigert- 
Pal preparations displaying the distribution of myelinated 
fibres, and on formol fixed material revealing the 
arrangement of the spinal supporting tissues. These 
histological techniques provided information which 
facilitated the interpretation of the experimental results 
described in Section 5*
Comparisons are made between the spinal cord of the
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minnow and that of some other teleosts *. Physiological 
literature concerning teleost spinal tracts is also 
reviewed in this section.
Section 3 (pp.119-197)
A description is given of the effects of spinal 
lesions upon the colour responses of the minnow to black 
and white background reversals.
Complete spinal lesions indicate a somewhat more 
anterior spinal outflow than in von Frisch's mid-European 
specimens *.
Partial spinal lesions were placed at vertebrae 3? 4 
and 10 and around the spinal outflow vertebrae. The effects 
of such lesions upon the colour responses were observed.
The extent of each lesion was determined histologically 
from serial sections after Zenker acetic fixation, post- 
chroming and staining with Mallory's trichrome. Partial 
lesions at vertebrae 3, 4 and 10 indicate a dorsomedial 
distribution of the spinal pigmento-motor fibres *. In 
some specimens damage within this area produced a 
cutaneous mottled pattern distributed bilaterally over the 
entire length of the dorsolateral surfaces when the fish 
paled on a white background *. A few fish also displayed 
such a pattern on darkening in response to a black 
background *.
219
Section 6 (pp.199-211)
The experimental observations described in Section 5 
are discussed in relation to the anatomical description of 
Section 4. These observations are considered in the light 
of present-day knowledge of the teleost autonomic nervous 
system.
It is suggested that the effects upon the colour 
responses of partial lesions placed at vertebrae 5, 4 and 
10 indicate an autonomic function for the area which 
includes the dorsal horns and the corpus commune posterius, 
the pigmento-motor fibres being located within this area *. 
The results discussed in Section 5 would also suggest that 
visceral efferent fibres originate from the base of the 
dorsal horns *. The cutaneous mottled pattern resulting 
from damage to the spinal pigmento-motor tract appears to 
result from cutting some of the spinal pigmento-motor 
fibres *. The type of correlation between the distribution 
of the cutaneous mottled pattern and the location and the 
extent of the spinal pigmento-motor damage indicates that 
the postganglionic fibres may innervate the melanophores 
directly, retaining their integrity rather than synapsing 
with a diffuse cutaneous nerve net. The bilateral 
distribution of the cutaneous mottled pattern produced by 
unilateral pigmento-motor damage indicates decussation of 
some of the pigmento-motor fibres either within the spinal 
cord or in the sympathetic chain *.
The even'^distribution of the mottled pattern over the 
dorsolateral surfaces would suggest that the fibres of any
220
specific region of the spinal pigmento-motor tract are 
associated with melanophore innervating fibres having a 
wide cutaneous distribution *. The occurrence of a similar 
pattern as a result of placing spinal lesions at the 
outflow vertebrae would suggest that melanophore 
innervating fibres of any specific segment are associated 
with spinal outflow nerves of more than' one of the 
vertebral levels 12 to 14 *.
The results of spinal lesions have not produced any 
substantial evidence in support of the occurrence of 
melanophore-dispersing fibres.
221
REFERENCES
ABCLIN, L. (1925). Beeinflussung des Farbwechsels durch
Chemikalien. I. Infundin- und Adrenalinwirkung 
auf der Melano- und Zanthophoren des Elritze 
(Phoxinus laevis Ag.). Arch.mikr.Anat. 104, 
667-98.
ABRAMCWITZ, A.A. (1936). The double innervation of caudal 
melanophores in Fundulus. Proc.nat.Acad.Soi., 
Wash. 22, 233-8 .
ADRIAN, E.D. (1930). The effects of injury on mammalian 
nerve fibres. Proc.roy.Soc. Series B. 106, 
396-618.
BABAK, E. (1910). Zur chromatischen Hautfunktion der
Amphibien, Ein Beitrag zur allgemeinen Physiologie 
der Nerventâtigkeit. Pflüg.Arch.ges.Physiol.
1311 87-118.
BARER, J.R. (1938). Principles of Biological Micro­
technique, pp 337* London: Methuen & Co. Ltd.
BALL, J.N. & C0V7EN, P.N. (1939). Urethane as a carcinogen 
and as an anaesthetic for fishes. Nature Lend. 
184, 370.
223
BALLOv/ITZ, E. (1893a). Die Innervation der Ciiromatophoren. 
Verb.anat.Ges.Jena. 7, 71-6 .
BALLOWITZ, E. (1893b). Die Nervendingungen der
Pigmentzelien, ein Beitrag zur Kenntnis des 
Zusammenhanges der Endverzweigungen der Nerven 
mit dem Protoplasma der Zellen. Z.wiss.Zool.
36, 673-706.
BALLOV/ITZ, E. (1931) # Die Pigment zellen Ghromatophoren und 
ihre Vereiningungen (chromatische Organe) in der 
Haut der Pische, Amphibien und Reptilien im 
Hinblicke auf Pârbung und Earbenwechse1 der 
Haut. In Handbucli der vergleichenden Anatomie 
der Wirbeltiere (Editors: L.BoIk, E.Gbppert, 
E.Eallius, W.Lubbock.). vol 1. pp.303-320.
BARTEIi’IEZ, G.W. (1913) - Hautimer ' s cell and the nucleus 
motorius tegmenti. J.comp.Neurol. 25, 87-128.
BERICOWITZ, E.G. (1936). Functional properties of the spinal 
pathways in the carp, Gyprinus carpio L.
J.comp.Neurol. 106, 269-39*
BERT, P. (1873). Sur le mécanisme et les causes des 
changements de couleur chez le caméléon.
G .R.Acad.Sci.Paris. 81, 938-41.
224
i I
BRÏÏCRE, E. (I852). Untersuchungen über den Earbenwechsel 
des afrikanischen Ghamaleons. Denkschr.Akad. 
Wiss.Wien. 4, 179-210.
B13GHH0LZ, R. (1865). Ueber die Mikropyle von Osmerus
eperlanus. Arch.Anat.Physiol.,Lpz.I8C5. 71-81.
BURNSTOGK, G. (1938). Effect of drugs on spontaneous
motility and the response to stimulation of the 
extrinsic nerves of the gut of a teleostean 
fish. Brit.J.Pharmacol. 13, 216-26.
GAimON, W.B. & R08ENBLUETH, A. (1957). Autonomic Neuro-
Effector Systems, pp,229. New York: Macmillan 
Go.
CHANG, E.G., ESIEH, W.M. & LU, Y.M. (1959). The light-
pituitary reflex and adrenergic-cholinergic 
sympathetic nerve in a teleost. Proc.Soc.exp. 
Biol.,N.Y. W ,  433-6 .
GEOU, J.T.Y. (1938). Experiments on the fixation of lipids 
by osmium tetroxide. Quart.J.micr.Sci. 99,
283-7.
GOUGH, J. (1867). A History of Fishes of the British Isles 
vol 4,London: Groombridge & Sons.
DALE, H.H. (19O6 ). On some physiological actions of ergot. 
J.Physiol. 165-206.
223
DALE, H.H. (193-3)* On the actions of ergo toxine, with 
special reference to the existence of 
sympathetic vaso-dilators. J.Physiol. 4^, 
291-300.
EDÏNGER, L. (1899)* The Anatomy of the Central Nervous 
System of Man and Vertebrates in General,
(Tr. from 3th German edition by . v .S.Hall), 
pp 446. Philadelphia: P.A.Davies.
FA3LK, S., & SHOD IN, J. (1937) * Mechanism of pigment 
migration within teleost melanophores. In 
Electron Microscopy, Proceedings of the 
Stockholm Conference. (Editors: E.S.Sjbstrand 
& J.Ehodin), pp 354. New York: Academic Press.
PINGERÎ'IAN, M. (1965). The Control of Chromatophores, 
pp., 184. Oxford: Pergamon Press Inc.
PRIES, E.P.B. (1951). Colour changes in Pundulus, with 
special consideration of the xanthophores, 
J.exp.Zool. 60, 589-426.
VON PRISCH, E. (1911). Beitrâge zur Physiologie der
Pigmentzellen in der Pischhaut. Pflüg.Arch.ges. 
Physiol. 3^, 519-87*
II
VON EHISCH, K. (1912). Nber die Parbenanpassung des
Crenilabrus. Zool.Jb.Abt 3, Allgemeine Zoologie 
und Physiologie- 150-54.
226
VON PRISCH, K., & STSTTER, H. (1932). Untersuchungen über 
den Sitz des Gehbrsinnes bei der Elritze. 
Z.vergl.Physiol. 17, 686-801.
VAI^  GEHUCHTEN, A. (1893). La moelle epiniere de la truite. 
Cellule. ]JL, 111-173.
VON GELE I , G. (194-2). Zur Prage der Lopp el innervât ion der 
Ciiromatophoren. Z .vergl.Physiol. 29, 332-4-0.
GIERSBERG, H. (1931)# Der Parbwechsel der Pische.
Z.vergl.Physiol. ]^, 238-79.
GORDON, H. (1927). The genetics of a viviparous top-minnow, 
Platypoecilus; the inheritance of two kinds of 
melanophores. Genetics. 12^ 233-83.
GRAHAM, H.T., & O'LEARY, J.L. (194-1). Past central fibres 
in fish. Properties of Mautimer and Müller 
fibres of the medullospinal system.
J.Neurophysiol. 4, 224-42.
GRAY, E.G. (1933). An asymmetrical response of teleost 
melanophores. Nature Lend. 173, 642-3-
GRAY, E.G. (1936). Control of the melanophores of the 
minnow (Phoxinus phoxinus L). J.exp.Biol.
35, 448-39.
227
GRAY, P. (1954). The Microtomist's Pormulary and Guide,
PP 794. London: Constable & Co.Ltd.
HEALEY, E.G. (1940). Uber den Parbwechsel der Elritze 
(Phoxinus laevis Ag.). Z.vergl.Physiol. 27,
343-86.
HEALEY, E.G. (1948). The colour change of the minnow
(Phoxinus laevis Ag.). Bui1.Anim.Behav. 6, 3-13
HEALEY, E.G. (1931). The colour change of the minnow
(Phoxinus laevis Ag.). I. Effects of spinal 
section between vertebrae 3 and 12 on the 
responses of the melanophores. J.exp.Biol. 28,
297-319.
HEALEY, E.G. (1934). The colour change of the minnow
(Phoxinus laevis Ag.). II. Effects of spinal 
section and of anterior autonomic section on 
the responses of the melanophores.
J.exp.Biol. 473-90.
HEVJER, H.R. (1926). Studies in the colour changes of fish.
■ I. The action of certain endocrine secretions 
in the minnow. J.exp.Biol. 3, 123-40.
HOAGLANL, H. (1933). Electrical responses from the lateral 
line nerves of fishes. IV. The repetitive 
discharge. J.gen.Physiol. 17, 193-209*
228
HOGBEN, II.T. (1924). The Pigmentary Effector System, 
pp 152. London: Oliver & Boyd.
HOGBEN, L.T., & LAi'TDGEEBE, P. (1940). The pigmentary
effector system. IX. The receptor fields of the 
teleostean visual response. Proc.roy.Soc. Series 
B. ]^, 317-42.
HOGBEN, L.T. , & SLOIlE, D. (1931) * The pigmentary effector 
system. VI. The dual character of endocrine 
co-ordination in amphibian colour change. 
Proc.roy.Soc. Series B. 108, 10-53*
HOLI'IES, W. (1943). Silver staining of nerve axons in 
paraffin sections. Anat.Hec. 36^ 137-86.
KAPPEHS, G .U,.A.(1926). The meninges in lower vertebrates 
compared with those of mammals. Arch.Neurol. 
Psychiat., Chicago. 13, 281-96.
RAPPEES, C.U.A., HUBEE, G.C., & CEOSBY, E. (1936). The 
Comparative Anatomy of the Nervous System of 
Vertebrates, pp 1843. 2 vols. New York:
Macmillan Co.
KEENAN, E. (1928). The phylogenetic development of the
substantia gelatinosa Rolandi. Part I: Pishes. 
Proc.Acad.Sci.Amst. No 8.,
229
KENT, A.K. (1959)* Significance of the time relations of 
humorally co-ordinated chromatic responses. 
Nature Lend. 184, 2027-8.
KINOSITA, H. (1933). Studies on the mechanism of pigment
migration within fish melanophores with special 
reference to their electrical potentials. 
Annot.zool.jap. 26, 113-27*
KIRSGHE, W. (1931) . Die re gene rat i ven Vorgange ain 
Ruckenmark erwachsener Teleostier noch 
operativer Kentiswitatstrennung. Z.mikr-anat. 
Eorsch. % ,  190-263*
LAl'TGLEY, J.N. (1921). The Autonomic Nervous System.
Part I, pp 80. Cambridge : W.Heffer & Sons Ltd.
LAURENS, H. (1914). The reactions of normal and eyeless
amphibian larvae to light. J.exp.Zool. 16,
193-210.
LEE, B. (1930). The Microtomist's Vade Mecum. (11th
edition: Gatenby, J.B. &, Beams, H.'w. , ed) , 
pp 733. London: Churchill Ltd.
TiARTIN, I. (1894). Contribution a 1'etude de la structure
interne de la moelle epiniere chez le poulet et 
chez la truite. Cellule. IJ-, 33-80.
230
I-IATSÜSHITA, K. (1938). Studies on the colour changes of the 
catfish, Parasilurus asotus (L). Sci.Rep.
Tohoku Univ. (4) ser.Biol. 23, 171-200.
Î'IATTHEWS, S.A. (1931) * Observations on pigment migration 
within the fish melanophore. J.exp.Zool. 38,
471-86.
HcCLUNG JONES, R. (1930). licClung's Handbook of
Microscopical Technique. 3rd edition, pp 790.
New York: Hoeber Inc.
MILLS, S.M. (1932a). Double innervation of melanophores. 
Proc.nat.Acad.Sci.,¥ash. 18, 338-40.
MILLS, S.M. (1932b). The double innervation of fish 
melanophores. J.exp.Zool. 6^, 231-44.
PARICSR, G.H. (19O8). Structure and functions of the ear of 
the squeteague. Bull.U.S.Bur.Pish. 28, 1211-24.
PARKER, G.H. (1930). Chromatophores. Biol.Rev. 3, 39-90.
PARKER, G.H. (1931)* Effects of acetylcholine on
chromatophores. Proc.nat.Acad.Sci.,Nash. 17,
396-7*
PARKER, G.H. (1934a). The prolonged activity of momentarily 
stimulated nerves. Proc.nat.Acad.Sci.,Wash.
20, 306-10.
231
PARKER, G.H. (1934b). Cellular transfer of substances,
especially neuroimmors. J.exp.Biol. 11, 81-8.
PARKER, G.H. (1934c). The expansion and contraction of 
chromatophores. Science. 79, 428-9.
PARKER, G.H. (1934d). What part of the melanophore system 
in Pnndulus is acted upon by adrenalin?
J.cell.comp.Physiol. 5, 311-18*
PARKER, G.H. (1934e). Acetylcholine and chromatophores. 
Proc.nat.Acad.Sci.,¥ash. 20, 596-9*
PARKER, G.H. (1935). The disappearance of primary caudal 
bands in the tail of Pundulus and its relation 
to the neurohumoral hypothesis. Proc.Amer.phil. 
Soc. 75, 1-10.
PARKER, G.H. (1938). Melanophore responses and blood
supply (vasomotor changes). Proc.Amer.phil.Soc.
78, 513-27.
PARKER, G.H. (1940). On the neurohumors of the color
changes in catfishes and on fats and oils as 
protective agents for such substances.
Proc.Amer.phil.Soc. 33, 379-404.
PARKER, G.H. (1941). The responses of catfish melanophores 
to ergotamine. Biol.Bull.,Wood's Hole. 81,
163-7.
232
PARKER, G.H. (1948). Animal Colour Changes and their
neurohumors, pp 377* Cambridge: University Press.
PARKER, G.H., & R08EHBLUETH, A. (1941). The electric
stimulation of the concentrating (adrenergic) 
and the dispersing (cholinergic) nerve fibres 
of the melanophores in the catfish.
Proc.nat.Acad.Sci.,¥ash. 27, 198-204.
PLINY, B.C. (1887)* The Natural History of Pliny. (Tr. 
Bostock, J. 8z Riley, H.T.), pp 183.
London: H.G.Bohn.
POUCHET, G. (1872). Du role des nerfs dans les changements 
de coloration des poissons. J.Anat.,Paris.
8, 71-4.
POUCHET, G. (1875). Lesion du grand sympathetique chez le 
turbot. C.R.Soc.Biol. ,Paris. % ,  350-1.
POUCHET, G. (1876). Des changements de coloration sous 
1'influence des nerfs. J.Anat.,Paris. 12,
1-90, 113-65*
PROSSER, C.L., & BROm, P.A. (1962). Comparative ^Animal 
Physiology (2nd edition), pp 688.
Philadelphia: Saunders.
233
RAMON Y GAJAL, S. (1952). Histologie du système nerveux de 
l'homme et des vertèbres (Traduite de 
l'espagnol par L.Azoulay). 2 vols. Madrid: 
Consejo Superior de Investigaciones Cientificas, 
Institute Ramon y Cajal.
RASQUIN, P. (1958) * Studies in the control of pigment 
cells and light reaction in recent teleost 
fishes. II. Reactions of the pigmentary system 
to hormonal stimulation. Bull.Amer.Mus.nat.
Hist. 113, 34-68.
REDEIELD, A.G. (1918) . The physiology of the melanophores 
of the horned toad, Phrynosoma. J.exp.Zool.
26, 275-553.
RETZIUS, D.G. (1893). Die nervbsen Elements im Rückenmarke 
der Knockenfische. Biol.Untersuch. 5, 27-30.
SAGEMEHL, M. (1884). Beitrâge zur vergleichenden Anatomie 
der Pische. II. Einige Bernerkungen über die 
Gehirnhâute der Knockenfische. Morph.Jb. 9, 
457-74.
SAim, A. (1935). The comparative physiology of colour
responses in reptiles and fishes. Biol.Rev. 10, 
361-82.
234
SCHA3FES, J.G. (1921). Beitrâge zur Physiologie des Parhen- 
wechsels der Pische. I. Untersuchungen an 
Pleuronectiden. II Weitere Untersuchungen.
Pfllig.Arch.ges,.Physiol. 188, 25-48.
8CHAEPS3, E.S. (1949). Schaefer's Essentials of Histology 
(15th edition), pp.655. London: Longmans,
Green & Co.
VON SIEBOLD, K.T.E. (1363). Die Süsswasserfische von 
riitteleuropa, pp 431. Leipzig: W.Engelmann.
SMITH, D.G. (1931a)• The influence of humoral factors upon 
the melanophores of fishes, especially Phoxinus. 
Z.vergl.Physiol. 1^, 613-635.
SMITH, D.G. (1931h). The action of certain autonomic drugs 
upon the pigmentary responses of Pundulus. 
J.exp.Zool. 53î 423-53«
SPAETH, E.A. (1916). Evidence proving the melanophore to 
he a disguised type of smooth muscle cell. 
J.exp.Zool. 193-215*
SPAETH, E.A., & BARBOUS, E.G. (1917)* The action of 
epinephrin and ergotoxin upon single, 
physiologically isolated cells. J.Pharmacol. 9, 
431-40.
235
STARK, J. (1830)• On the changes observed in the colour of 
fishes. Bdin.New Phil.J. 9, 327-31.
STERAliELLI, A. (1951). The Hauthnerial apparatus in 
ichthyopsida, its nature, function and 
correlated problems of histogenesis.
Quart.Rev.Biol. 25, 17-34.
STERZI, G. (1901). Ricerche interno alia anatomia
comparâta ed all'ontogenesi delle meningi. 
Gonsiderazioni sulla Eilogenesi. Parte prima. 
Meningi midollari. Atti.1st.Anat.Padova. 60, 
1101-1361.
TAGLIANI, G. (1905). Le fibre del Mauthner nel Midollo 
spinale de'Vertebrati inferiori (anamni).
Arch.zool.(ital), Napoli. 2, 385-438.
TASIKI, I., HAGIWARA, S. , & WATAÎTABE, A. (1954). Action
potentials recorded from inside a Mauthner cell 
of the catfish. Jap.J.Physiol. 4, 79-90.
TATE-SEGAN, C. (1911). The Freshwater Fishes of the 
British Isles, pp.388. London: Methuen.
TUGE, H., & HANZAWA, S. (1935). Physiology of the spinal 
fish with special reference to the postural 
mechanism. Sci.Rep.TÜhoku.Univ. (4) ser Biol. 
10, 589-606.
236
VOGT, G. (1842). Embryologie des salmons. In: Historié
naturelle des poissons d'eau douce de l'Europe 
centrale (ed. L.Agassiz), pp 326.
Neuchâtel: d '0.Petitpierre.
WARING, H. (1942). The co-ordination of vertebrate
melanophore responses. Biol.Rev. 17, 120-150.
WARING, H. (1963). Colour Change Mechanisms of Gold- 
blooded Vertebrates, pp 266.
New York: Academic Press.
WERN'0E, Th.B. (1926). Tiber den Verlauf und die verteilung 
prâganglionarer sympatischer Bahnen bei 
Eischen. In Physiological papers dedicated to 
A.Krogh, pp 290-307. Copenhagen: Heinemann.
WHITEAR, M. (1952). The innervation of the skin of teleost 
fishes. Quart.J.micr.Sci. 95, 289-305.
VIYMAN, E.G. (1924). Blood and nerve as controlling agents 
in the movements of melanophores.
J.exp.Zool. 39, 73-131.
237
YOUNG, J.Z. (1930). The pupillary mechanism of the 
Teleostean fish Uranoscopus sca'ber. 
Proc.roy.Soc. Series B. 107, 464—483.
YOUI^G, J.Z. (1930). The Eife of Vertebrates, pp 767.
Oxford: Clarendon Press.
